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CHAPTER 1. GENERAL INTRODUCTION 
IntroductioD 
The Missouri River is the longest river in the United States stretching nearly 4,400 km 
from western Montana to its confluence with the Mississippi river in Missouri The Missouri 
River system is also one of the largest drainages in North America as it drains nearly one-
sixth of the total area of the United States (Bemer 1951). The Missouri River was 
characterized as a meandering, turbid river laden with islands prior to aheration in the mid-
1900s (Funk and Robinson 1974). Fk>w management, however, has changed much of the 
lower two-thirds of the river. Reservoirs buih in the mkldle portion of the Missouri River 
have created a more lacustrine habitat; whereas, in the tower reaches, channelization efforts 
have made the river a relatively narrow, swift channel 
Human use of the Missouri River has a k>ng history that can be traced to well beyond 
that of the Lewis and Claric expeditwn in the early 1800s. However, the more modem 
methods used to control the river in the early to mkl-1900s has had the largest affect. 
Channelizatwn of the river from the confluence with the Mississippi River to Sk>ux City, LA, 
was authorized to allow passage of deep-barge traffic as an ahemative to railroads 
(Schnekkrs 19%). The actual channelization project lasted over 40 years (1927 -1969) and 
has changed a river that was once diverse in habitat, meandering, and well connected with its 
floodplain to one that is relatively uniform. The channelized portion of the river was actually 
shortened by 125 km and bst near^ 64% of the wetted area (Whitley and Campbell 1974). 
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Additional concern also arose about controlling spring floods and storing water 
within the basin for times of need so six mainstem impoundments were constructed between 
1937 and 1963 (USACOE 1994). Over one-half of the upper 2,500 km of the Missouri 
River was impounded upon completion of the final dam (Morris et al. 1968). The river was 
then effectively divided into three hydrological zones. The upstream most zone, being least 
altered, has historically had the least amount of human influence. The middle, inter-reservoir 
zones and the lower channelized zone however, have been heavily impacted human needs. 
Flow modifications are commonplace human disruptions to river and stream 
environments (Bain et aL 1988). These disruptions can have serious effects on the fish and 
wildlife species who are dependent upon unaltered conditions to survive. The Missouri River 
is no exception in this regard as many native fish populations are thought to be in general 
decline throughout the river (Hesse 1996). One native Missouri River fish species, pallid 
sturgeon Scanhiriivnchus albus. is already federally endangered and there could be as many as 
20 others along the river that may be threatened (Whitmore and Keenlyne 1990). This 
includes species such as paddlefish Polvdon spatula, blue sucker Cvcleptus etongatus. 
sturgeon chub Macrfavfaopsis gelida. sicklefin chub meekL fiathead chub Platvaobio 
gracilis, and two snecies of the oentis Hyhngij^thus. Many of these at risk q)ecies are 
strongly associated with the benthic habitat throughout the system thus indicating more 
informatun on this subset of native qwcies was warranted. With the exceptnn of a few 
sport and commercial fish species, the benthic fish community atong the Missouri River has 
rare^ been studied (Russell 1965; Kallemeyn and Novoti^ 1977; Latka et aL 1995). This 
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lack of infonmatk)!! prompted the U.S. Army Corps of Engineers to initiate a river-wide study 
of the benthic fish community. 
The scope of this project was to collect broad baseline data, over a three year period 
(1996 - 1998), to assess the population and community attributes (e.g., habitat use, 
recruitment, relative abundance, age structure, growth, and conditwn) of fish specifically 
identified as a member of the benthk fish guikl. Here, the benthic fish guikl was defined as 
those species having life history characteristics that generally require an associatk>n with the 
benthic zone for a large portion of their lives. A consortium of U.S. Geok>gKal Survey 
(USGS), Biological Resources Divisun (BRD), G)operative Fish and Wikllife Research 
Units (Iowa, Kansas, Missouri, Montana, South Dakota), Montana Fish, y^life and Parks, 
the University of Idaho, and the USGS-BRD Columbia Environmental Research Center, here 
after referred to as the Missouri River Benthic Fish Project (MRBFP), designed and 
implemented this project. Each agency/university sampled a unique sectnn of river and 
collected both physical and bk>k>gical informatwn on the benthk; fish community foUovsring 
standardized methods (Sappington et al. 1998). Our primary sampling efforts were focused 
only on the riverine reaches of the Missouri and k>wer YeUowstone Rivers and these data 
were then used to assist the Corps of Engineers in devekipment of water management plans 
that wouki be beneficial to the benthic fishes ak>ng the Missouri River. 
Beyond the confines of this project, graduate students at each university were 
required to devek>p more q)ecific research topics. My research was directed towards three 
broad areas. I was interested in how flows have changed through various management 
practices and assessment of the current ftowconditwns. Second^, I was also interested in 
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how well the current flow regime can be used to describe fish comnuinity structure 
throughout the river system. Finally, because the consortium collected age and growth 
information, I also wanted to capitalize on these data to investigate the potential for 
latitudinal effects in fish growth rates. My specific objectives were to 1) evaluate the 
influences of past human management practices on the hydrograph of the Missouri River by 
comparing pre- and post-aheration flow conditions; 2) identify and group reaches that are 
subjected to similar, post-alteration flow conditions, 3) determine if there was a relation 
between these flow units and fish community structure found throughout the river; and 4) 
determine if there are latitudinal or other large scale patterns in the growth rates from fish 
caught in different sections of the river. 
DisMrtfltion Oi^nizatioD 
This dissertation is comprised of a General Introduction, four manuscripts prepared 
for submission to Regulated Rivers: Research and Management (Chapters 2-3), Ecological 
Applications (Chapter 4), and Transactions of the American Fisheries Society (Chapter S), 
and a General Conclusion (Chapter 6). All sections were written M. A. Pegg and edited by 
C.L. Pierce. 
The first manuscript ''Eflfects of Channelization and Impoundment on Flow in the 
Missouri River: a Time Series Ana^rsis of Daily Mean Flow" conqiares daily mean flows 
between the pre-aheration period (1923-1948) and post-aheration period (1966-1996) for ten 
Missouri River gauge stations. Inchided in this chapter is a quantitative assessmem of how 
these ftows dififer between the two periods. 
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The second manuscript '*Classificatk)n of Reaches in the Missouri and Lower 
Yellowstone Rivers Based on Flow Characteristics" focuses on identifying unique flow units 
using a suite of hydrological variables and focuses specifically on present flow conditions. 
The third manuscript "Fish Community Structure Comparisons Within and Among 
Distinct Hydrological Units from the Missouri and lower Yellowstone Rivers" builds upon 
the flow units identified in the previous chapter and explores how the fish community 
structures vary based on these flow characteristics. 
The final manuscript "Growth Rate Responses of Missouri and Lower Yellowstone 
River Fishes to a Latitudinal Gradient" compares growth rates among several reaches for five 
Missouri River species. Large-scale spatial trends in these growth rates are discussed. 
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CHAPTER 2. EFFECTS OF CHANNELIZATION AND IMPOUNDMENT ON 
FLOW IN THE MISSOURI RIVER: A TIME SERIES ANALYSIS OF 
DAILY MEAN FLOW 
A paper to be submitted to Regulated Rivers: Research and Management 
Mark A. Pegg, Clay L. Pierce, and Anindya Roy 
Abstract. Human alteration of large rivers is commonplace, often resulting in 
significant changes in flow characteristics. We used a time series approach to examine daily 
mean flow data from locations throughout the mainstem Missouri River and tested for 
differences associated with human alteration. Data from a pre-aheration period (1925-1948) 
were compared with a post-alteration period (1967-19%), and separate analyses were 
conducted using either data from the entire year or restricted to the spring fish spawning 
period (1 April - 30 June). Daily mean flow over the entire year was significantly higher 
during the post-alteration period at all locations, largely reflecting long-term differences in 
precipitation. Flow during the spring was significantly lower during the post-aheration 
period at the most highfy altered locations in the middle portion of the river, but unchanged at 
the least altered locations in the upper and lower portions. A natural flow regime during 
spring is widely viewed as beneficial to fish populations and river-floodplain ecosystems. Our 
resuhs suggest that human alterations on the Missouri River, particularly in the middle 
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portion most strongly affected by in^undments and channelization, have resuhed in changes 
to the natural spring flow regime. 
Introduction 
Human activities have altered the flow of large rivers for thousands of years (Petts et 
al. 1989). Lotic systems have been modified worldwide to provide flood control, navigation, 
water supply, power generation, and recreation needs. While there have been benefits to 
these management practices, there have also been costs. Modification to both river and 
riparian habitats can range fix)m the relatively localized effects of small-scale grazing to the 
much broader effects of channelization and impoundment. As a result, many of the original 
defining physical and ecological characteristics of these managed systems have been 
profoundly altered (Poff et al. 1997). 
Altered flow has been one of the primary consequences of impoundment and 
channelization. Impoundments designed primarily for flood control, navigation, and water 
supply tend to dampen natural flow variation storing large amounts of water for later, 
controlled release (Bravard and Petts 1996). G>nversely, dams buih for power generation 
tend to accentuate natural variability by creating daily high and low flow periods to meet 
electrical demands (Bravard and Petts 1996). Another potential consequence of 
inqMundment is a change in the response of daily flows to rainfiill, snowmeh, groundwater, 
and othernatural deliveiy processes. Changing these processes can influence the timing and 
magnitude of flows throughout the year, which in turn can have serious affects on the 
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biological community that has evoked in, and may be dependent upon, natural flow 
conditions (Poffet al. 1997). 
Channelization, accomplished by armoring the shorelines, diverting water out of side 
channels, and straightening the channel itself also influences flow by fiicilitating rapid 
transport of water downstream. Other direct consequences of channelization include loss of 
river connectivity to the floodplain (Ward and Stanford 1995), changes in water quality 
(Whitley and CampbeU 1974), and loss of aquatic habitat (Mosley 1983). 
Flow in many large river systems is afifected by a combination of aherations, including 
impoundments, channelized reaches, water diversions, and numerous landscape changes in 
the catchment. These alterations are likely to result in complex changes to the flow regime, 
and the precise nature of these changes may be difScult to predict. Flow reductions in 
impounded reaches, increased velocities in channelized reaches, loss of diverse habitat 
conq)lexes, changes in runoff and sedimentation loading rates, and ahered nutrient cycles, all 
a resuh of human alteration, create an environment seldom if ever experienced in these lotic 
systems (Ligon et aL 1995; Ibanez et aL 1996). 
Stream flow is one of the driving variables that defines the distnbution and abundance 
of biobgical comnuinities in lotic systems (Poff et al. 1997). Biobgical responses to flow 
management include changes in aquatic (Schmulbach et al. 1975; Travnichek and Meceina 
1994; Parasiewicz et aL 1998; Ponton and Vauchel 1998; Ruiz 1998) and terrestrial (Reily 
and Johnson 1982; Nilsson et al. 1991; Toner and Keddy 1997) community structure, and 
invasbn and establishment of exotic qpecies (Patton and Hubert 1993), all of which have 
been documented throughout the workl (Mosely 1983; Bain et al. 1988; Maheshwari 1995; 
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Ibanez et al. 1996; Pofif et aL 1997; Steiger et aL 1998). In large rivers, one of the most well 
documented influences of flow has been the role of spring flooding in providing suitable 
spawning conditions and nursery habitat for fishes (Junk et al. 1989). 
Pofif et al. (1997) identified magnitude of discharge, fiequency of flow extremes, 
duration of a given flow condition, timing of extremes, and the rate of change fi-om one flow 
to another (fleshiness) as major flow components that regulate ecologicai processes. All or 
part of these five components have been used to evaluate various aspects of how flow has 
changed before and afler large-scale management in lotic systems (Richter et al. 1996; 
Richter et al. 1997; Galat and Lipkin 2000). Most of these studies ultimately used monthly or 
annual summary statistics of flow conditions at several gauge stations to characterize the 
degree of hydrobgical alteration. In contrast, quantitative descriptions of patterns of daOy 
flows using k>ng-term data have not been attempted. Testing for dififerences in flow patterns 
resulting from human alterations requires data from before as well as after the alterations, a 
requirement that is often unfiilfilled. Fortunately, k)ng historical records of flow exist for 
some large rivers, permitting detailed analysis of patterns of daily flow before and after 
human aheratnn. 
Time series analyses are ideally suited for flow data because they are generally 
reported at equally spaced, discrete time intervals (e.g., annual, monthly, daily). Common 
applicatwns of hydrotogic time series analyses inchide studying k)ng-tenn trends, wet/dry 
cycles, predicting fiiture water use, and klentifying changes to flows indined by 
environmental shifts or human activity (Yeyjevich 1984). Time series models can also 
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provide the basis for probability estimation and testing for significant dififerences in flow 
between different periods of time, such as before and after human alteration. 
The Missouri River is one of the largest rivers in North America, stretching over 
4,000 km and draining about one sixth of the continental United States (Figure 1). 
Historically, the Missouri River was characterized as a very turbid, meandering river as it 
flowed through the Great Plains ofNorth America (Bemer 19S1; Funk and Robinson 1974). 
However, the onset of large-scale aheratmn in the early to mkl-1900s on the Missouri River 
has dramatically altered the pre-European settlement conditk>n of this large floodplain river 
(Hesse 1987). Channelizatk)n of the tower river, implemented to allow deep-draft barge 
trafBc as a means of conqietition with railroads from the river's confluence with the 
Mississippi River to Sk)ux City, Iowa, was accomplished between 1927 and 1969 
(Schneklers 1996). A ser^ of six mainstem dams were also constructed between 1937 and 
1963, primarily to control fk>oding and to provkle adequate water depths for navigatk)n on 
the lower river (Galat et al. 1996). The associated reservoirs cover nearly half of the upper 
2,500 km of the Missouri River (Morris et aL 1%8). The result of these alterations has been 
a metamorphosis from a once con^>lex fk)odplain river mto a relatively artificial system 
(Whitley and Campbell 1974), and divisnn of the river into three zones: an upper, relatively 
unaltered area above the reservoirs, areas between the reservoirs where short stretches of 
unchamieUzed river remain, and a tower, channelized area (Figure 1). 
The purpose of this study was to collect and examine daily mean flow data from 
kicatwns throughout the mainstem Missouri Rhw, and to test for di£ferences that couU be 
associated with human akeratioa Our specific objectives were to: 1) devek>p time series 
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models of daily mean flow for ten Missouri River locations with data series enconq)assing 
pre- and post-aheration periods, 2) test for significant differences in daily mean flow between 
pre- and post-alteration periods using data finm the entire year, and 3) test for differences in 
daily mean flow between pre- and post-alteration periods using data restricted to the spring 
fish spawning season. 
Methods 
Flow Data 
We obtained daily mean flow data for Missouri River gauge stations fi-om the U.S. 
Geological Survey (USGS) on-line data base, and divided the data set into pre-aheration and 
post-alteration periods for further analysis. Construction of the impoundments and 
channelization primarily occurred between water year (October - September) 1948 through 
water year 1966 as the five lower reservoirs were being constructed and in the process of 
filling (Galat et aL 1996). We did not include these years in our analysis due to the potential 
influence of this 'filling effect' on flow. Thus, we considered data fit>m before 1948 as pre-
aheration and that after 1966 as post-aheration data. 
The data record available during the pre-aheration period varied among stations, whh 
some stations having only a few years (10-15), whereas one station had nearly 60 years of 
record. Comparing time series of different lengths is possible, but simuhaneous evaluation of 
several gauge stations along the length of the river is fiuilhated by making all data series 
similar lengths. The outcome is a slight bss of information, but the advantage is that the 
lesuhing series generally reflect the same chronological sequence of large-scale natural 
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phenomena (e.g., drought, flood). Therefore, we only used gauge stations that provided 
information for at least 18 of the 23 years immediately prior to 1948 and data prior to 1925 
were dropped from our analyses. These procedures yielded acceptable data sets from ten 
gauge stations distributed throughout the mainstem Missouri River, and representing the 
three zones with varying degrees of human alteration (Figure 1). 
Statistical Analyses 
Daily mean flows for each gauge station were individuaUy assessed for differences 
between the pre- and post-alteration period at the annual and spring fish spawning season 
scales. We first fit individual time series models for every gauge station following established 
methods to identify the appropriate time series model for each period and gauge station 
combination (Appendix 1; Box and Jenkins 1970; Wei 1990). We then combined the two 
models, using weighted least-squares regression, to directly test for differences in daily mean 
flows between the two periods. Next, we used the resuhs from these ten gauge stations to 
evaluate patterns in flow throughout the river. 
Rctalti 
Daily Flows Over the Entire Year 
Figure 2 ilhistrates the daily mean flows for pre- and post-aheration periods at four 
gauge stations representative of the major Missouri River flow patterns observed in our 
analyses. Visual inq)ection suggests that flows inthe middle reaches of the river have 
changed dramatically between the pre- and post-aheration periods; in particular the rai^e of 
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variability was drastically reduced during the post-alteration period. In contrast, the ranges 
of variability appear similar between the two periods at Fort Benton, the uppermost station, 
and Hermann, the lowermost station on the Missouri River (Figure 1,2). 
An autoregressive model with two lagged coefficients (AR(2) model) fit to the 
transformed data adequately defined the flow patterns for aU gauge stations and in both time 
periods. Autocorrelation and periodicity were generally removed by the transformation as 
indicated by the residual values in our models (Figure 3). As with the mean values (Figure 
2), the amount of variability in the residual plots is lower after alteration through the inter-
reservoir and upper channelized r^hes of the river as represented by Bismarck, ND and 
Omaha, NE (Figure 3). Conversely, in the extreme upper and lower portions of the river, the 
residual variability appears to be similar in pre- and post-alteration periods. However, daily 
mean flows were significantly higher during the post-alteration period at aU gauge stations {P 
< 0.01; Table 1). Post-alteration daily flows averaged 16 percent higher than the pre-
alteration flows at Bismarck, ND and 10 percent higher at Yankton, SD. The remaining 
statk>ns had daily mean flows during the post-alteratk>n period that averaged from 30 to 45 
percent higher than pre-alteratk>n flows. 
Daily Ftows During the Spring Fish Spawning Period 
The graphical comparisons of pre- and post-aheration daily mean flov^ during the 
spring fish ^wning season were qualitatively similar to those made over the entire year, 
with the most obvwus changes appearing in the mkldle sectmns of the river (Figure 4). 
AR(2) models provkled adequate fits, and resklual pk>ts were similar to those in Figure 3. 
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Average percent differences between the two periods ranged from two to 32 percent which 
were generally lower than average differences over the entire year. Tests for differences 
between pre- and post-aheration yielded quite different results conqxved to the annual scale 
(Table 2). Post-alteration, spring daily mean flows at the two uppermost stations (Fort 
Benton, MT and Wolf Point, MT) and the two lower most stations (Boonville, MO and 
Herman, MO) were not significantly different between the two time periods (Table 2). In 
contrast, stations located in the middle portion of the river (Bismarck, ND to Kansas City, 
MO) did significantly differ (P < 0.10), but showed no consistent trend above or below pre-
aheration estimates during the post-alteration period. Spring spawning daily flows at 
Bismarck, ND averaged 32 percent k>wer, Yankton, SD averaged 28 percent lower, and 
Omaha, NE averaged S percent k)wer during the post-aheration period; whereas, ftows from 
Nebraska Chy, NE to Kansas Cfty, MO averaged S to 7 percent higher during the post-
aheration period. 
Discanioii 
Our tests have shown that the Missouri River daily fk>ws have changed over time. 
These changes indicate that the nature of the daily mean flows have changed beyond the 
natural variation generally associated with annual or seasonal flow cycles between the two 
time periods. Consequently, daily mean fk)ws were significantly higher during the post-
aheratwn period at aU gauge statk>ns when analyzed at the annual scale. There were also 
significant dififerences at the most strongly human influenced gauge statwns during the spring 
flow period (Table 2). These findings concur with those of Galat and Lipkin (2000) who 
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reported higher mean annual discharges along the Missouri River for the post-alteration 
period using a different statistical approach. Many factors could have influenced the changes 
between these two periods ranging from climatological shifts to water management practices. 
A shift in the amount of annual precipitation entering the Missoim River basin could 
easily change daily mean flows between these two periods. Indeed, the United States had 
severe droughts during the 1930s and 1940s. Conversely, the 1990s have been some of the 
wetter years on record for the Missouri River Basin. Hu et al. (1998) reported that the 
amount of annual precipitation generally declined through about the mid 1960s and then 
began an upward trend in the lower Missouri River basin states of Nebraska, Kansas, and 
Missouri. This change in annual precipitation, coupled with the managed water releases from 
the impoundments, seems a likely basis for the different daily mean fk)w values between the 
two periods in the k)wer portion of the river (Figure 2). 
The trend for higher precipitatran rates does not persist throughout the entire basin 
however. Karl et al. (1996) reported that while the natmnal trend over the past century has 
been for a slight increase in precipitatnn, the upper Missouri River states of Montana, 
Wyoming, and North Dakota have experienced a decline. This result conflicts with our 
finding of higher daily mean fk>ws on an annual basis throughout the river systent Therefore, 
we must further investigate other possible explanatk>ns on how and why fk>ws are higher in 
the post-atteratnn period. 
Fk>w regulation may also have played a role in creating different hydrographs 
between the two periods. The mainstem reservoirs were created, in part, for fktod control 
and support of navigalwn (USACOE 1994). This requires water to be hekl back in the 
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spring, when normal flooding historically occurred, for use in sustained releases later in the 
summer and M when water is not su£Sciently available. Long-term retention of runoff in 
these reservoirs may also contribute to higher mean flows during above average precipitation 
years because water is released at a higher than normal rate in an attempt to return the 
reservoirs to their prescribed levels. However, because water is held back in the spring, we 
would expect the spring spawning fk)ws in the inter-reservoir reaches to be lower than the 
pre-aheration period as a consequence of this hokling effect. Our findings support this 
prediction in that the Bismarck, ND and Yankton, SD gauge statk)ns (Figure 1) experienced 
a marked decrease in spring fish spawning fk)ws during the post-alteration period. The 
Omaha, NE statk)n also experienced slightly lower spring fish spawning flows, indicating that 
the river is still influenced by the reservoir operations roughly 250 km downstream of the last 
impoundment. Moving downstream firom these impoundments appears to mediate flow 
differences between the two periods due to input from relatively large tributaries (Chapter 3; 
Galat and Lipkin 2000). 
The spring fk>w period is important to the ecok)gy of large rivers and is an area of 
strong concern when addressing bk>k)gical problems throughout the Missouri River system 
(Galat et aL 1996). The fknxl-pulse concept (FPC; Junk et aL 1989) is based on the theory 
that bk>k)gical communities in large ffeodplain rivers have evohred to depend on the timing, 
duration, and water 1^1 changes generally associated with spring flooding. These spates 
trigger fish qiawning events and provide food and nursery areas in additmn to maintaining 
diversity within the qrstem (Johnson et aL 1995). When these flooding bouts are removed 
from the ^em, as seen here in the mkkUe reaches of the river, basic biobgical functions 
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such as spawning and recruitment can be curtailed causing negative responses in diversity and 
density of the native species. Therefore, it may be important to attempt to return the spring 
flow regime to one resembling that of the pre-akeration period. Our finding that the 
uppermost and lowermost reaches showed no significant change between the two alteration 
periods provides evidence that the natural spring flow regime, that existed throughout the 
river prior to aheration, is still prevalem in these two reaches. We can then use this 
information as a reference to restore a more natural spring hydrograph to the middle reach of 
the river. 
Impoundment and channelization has also disconnected about the lower two thirds of 
the Missouri River fit>m its floodplain. According to the FPC, loss of connectivity can have 
detrimental affects. Floodplain rivers are dynamic systems that rely heavily on the 
interactions between both the river and the floodplain to properly function (Ward and 
Stanford 1995). Many aquatic and terrestrial organisms use the inundated areas of the 
floodplain during overbank flows. In &ct, fish production from the floodplain can be a major 
source of biomass (Ward and Stanford 1995) and recruitment (Jackson 1993) to the main 
channel areas once flood waters have receded. Spring fish spawning flows ak>ng the middle 
one-third of the Missouri River were lower in the post-aheration period limiting the number 
of overbank flows needed to maintain connectivity. Bk>cking this natural process thus 
restricts the available habitat to main channel areas and there is some evidence that the fish 
communities have changed after cbsure of the inqioundmems (Morris et al. 1%8; Funk and 
Robinson 1974; Whitley and Campbell 1974; Schmulbach et al. 1975). Whitley and 
Campbell (1974) summarized several studies showii^ a decline in fish qiecies diversity that 
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could be a result of impoundment and channelization. Reily and Johnson (1982) suggested 
that terrestrial organisms have also been inqwcted by the change in natural flows where they 
reported a change in species con^sition of floodplain forests along the Missouri River due 
to a lowering water table and the lack of annual floodplain inundations. Our results, showing 
that the middle portion of the Missouri River is most affected by human aheration, suggest 
that overbank flooding during the crucial spring spawning period may assist in conserving or 
restoring native aquatic and terrestrial communities. 
The management practices imposed on the Missouri River may also have an affect on 
the k>ngitudinal diversity of aquatic communities. Pristine streams and rivers should exhibit a 
continual gradient in physical, and ultimately biok)gicaU parameters from upstream to 
downstream areas (Vannote et al. 1980). However, this natural tongitudinal succession is 
ck)uded by human induced impacts (Statzner and Higler 1986). Water released from 
impoundments has been dramatically changed by the settling of both sediment and nutrients in 
the reservoir. Therefore, placement of inqmundments in traditionally nutrient and sediment 
rich river reaches can shift the water quality parameters of the outflowing water to that of 
headwater areas upstream. Fish and other aquatK organisms immediately bek)w these 
impoundments cannot cope with the new environmental conditwns and are eventually 
displaced causing a discontinuity in the latitudinal gradient of diversity atong the river system. 
There is some evidence that this discontinuity has had an influence on the fish conununities 
ak)ng the Missouri River. Species richness and community structure of riverine fish 
comnunities in the upper and middk two-thirds of the river were similar conqxuped to the 
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lower one-third of the river suggesting that the impoundments have influenced the river 
continuum (Chapter 4). 
Analyses from studies investigating other aspects of flow on the Missouri River have 
generally reached similar conclusions that the middle portion of the river has been most 
altered. Using a suite of summary statistics over a similar time period, Galat and Lipkin 
(2000) found that the relatively unaltered areas of the upper Missouri River, and to some 
extent the lower 600 km before joining the Mississippi River, maintained a certain degree of 
natural variability after impoundment; whereas, the middle portion of the river was 
substantially ahered. Similarly, Pegg and Pierce (Chapter 3) reported that the upper and 
lower extreme river reaches of the Missouri River were more statistically similar to each 
other than to sonoe of the reaches that were geographically ck)ser, but heavily influenced by 
water management practices. Coupling these findings with our study suggests a consistent 
trend in fk>w aheratran that is most pronounced in the middle portkin of the river. This trend 
coukl have a profound influence on how we view the river. Knowing that the mkldle portk>n 
of the river has feh the largest impact of channelizatran and impoundment, research and flow 
mitigatnn efforts couM be appropriately directed at this area to protect and conserve the 
bk)k>gical comnninities. 
There is little doubt that the Missouri River fk)w regime has changed between the 
pre-aheratun and post-aheratk>n periods. Identifying the specific cause of these changes is 
cbuded the interactun of both natural phenomena and human aheratnns. Hydrobgy is 
not solety responsibie for the structure ofthe bbbgical community within this ^em but 
does play an important role and changes can therefore have serious plqrskal and bk)k)gical 
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implications. It is not likely that the river will be returned to its pre-aheration state. This is 
partly due to the &ct that not all of the changes are necessarily anthropogenic and partly 
because the muhipurpose uses of the river for flood control, hydropower generation, 
navigation, irrigation, conservation of fish and wildlife species, and recreation occasionally 
conflict and are given different priorities. However, providing a hydrograph similar to the 
pre-alteration period at sites most greatly affected during spring flows may be a starting point 
to mediate some of the declining trends in aquatic and terrestrial communities that are now 
being reported along the Missouri River. 
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APPENDIX 1. TIME SERIES METHODS 
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Simply stated, a time series is a procession of observations. Each time series is 
characterized by a deterministic element, a stochastic element, or a combination of the two 
(Wei 1990). The deterministic element can consist of periodic, seasonal, cyclic, 
increasing/decreasing trend, sudden change Oump), or any combination of these components 
(Haan 1977). These deterministic components create nonconstant means and/or variances 
resuhing in a situation referred to as nonstationarity. Time series applications deal 
predominantly with stationaiy series, so nonstationarity is undesirable (i.e., constant mean 
and variance; SAS 1991). Fortunately, nonstationarity can be accounted for through 
transformation and differencing technique^ 
Our intent here is to provide only a brief summary of our time series methods rather 
than a conqsrehensive overview. For further details, see Yeyjevich (1984), Wei (1990), or 
SAS (1991). We followed the Box-Jenkins (Box and Jenkins 1970) approach to identify the 
best time series model. This requires identification of the underlying process, estimation of 
model parameters, and diagnostic checks for goodness of fit. The identification procedure 
attempted to klentify the process by whkh the series is driven. Estimates of the nxxlel 
parameters were then tentatively determined after the underlying process was identified. 
Diagnostic checks, in the form of autocoirelatwn pk)ts, resklual pk)ts, and evaluating 
summary statistics (e.g., Akaike's Informatwn Criterion, Durbin*Watson statistic), were used 
to assess the model parameters. These steps were repeated until the best fitting model was 
klentified. 
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We first fit individual time series models to each alteration period for every gauge 
station. Autoregressive (AR) models estimate a process, where the present observation relies 
upon prior observations to estimate its current value (Wei 1990). Daily mean flows tend to 
be dependent upon prior flows making AR models appropriate (Yeyjevich 1984). The 
general structure of an AR model is: 
y, = 00 + 4>iy,.i+-...+<|)py,^ , + a,, 
where y, is the observed value at time t; Bq is a constant; values of <|) are the model 
coefScients which relate the proportional effect that each previous (lagged) observation has 
on y,; p is the total number of lags; and a, is a random error term. 
Muhiple year hydrological data tend to be nonstationary due to periodicities 
corresponding to seasonal fluctuations. We accounted for nonstationarity by using several 
sine/cosine transformations of the time variable to describe the flow characteristics at each 
station, where each data point had a series of paired transformations calculated as: 
sin(x) = sin(x*2ll*t/d) and cos(x) = cos(x*2il*t/d) 
where x is the sequence number of the transformation (Le., 1 for the first sin/cos 
transformation, 2 for the second, etc.), t is the time variable, and d is the number of days in 
one fiill period of record (here d = 365). We also used a variable time coe£Bcient in the 
modeling process because the variances remained somewhat unequal through time after 
transformation. 
We used the AUTOREG (SAS 1991) procedure to fit an initial AR and assessed the 
autocorrelation function (acf) to identify the number of parameters needed in each model 
After model identification, we examined the residuals to verify that there was no remaining 
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correlation. We then individually tested each gauge station against the hypothesis that daily 
mean flows were different between the two periods. We created an individual matrix for 
each flow period from the resulting time series models that included the sine/cosine 
transformed data and appropriate number of lagged flow values from the model. We then 
multiplied the pre- and post-alteration matrices using a weighted least-squares regression 
approach, with the reciprocal of the variance (SAS 1988) from the original AR model as our 
weighting fiictor. This regression allowed us to make paired comparisons between the pre-
and post-aheration period at each gauge station because we could estimate the mean and 
standard deviation through the matrix muhipUcation process. 
We also tested for differences in daily mean flows between the pre- and post-
alteration periods for the spring fish spawning period between 1 April and 30 June. Our 
analyses were similar, with the exception that the variable d used in the sine/cosine 
transformations was changed to reflect the number of days in the spring flow period (d= 91). 
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Table I. Summary of tests for dififerences in daily mean flows between pre- and post-
alteration periods on the Missouri River, using data from the entire year. Gauge stations 
were tested individually. 
Degrees of 
Gauge Station Variance Freedom F P 
Fort Benton, MT Pre: 
Post: 
662641 
522393 
12 19,691 4.66 0.0001 
Wolf Point, MT Pre: 
Post: 
424168 
291058 
12 18,595 3.79 0.0001 
Bismarck, ND Pre: 
Post: 
21432690 
1487294 
12 18,413 10.08 0.0001 
Yankton, SD Pre: 
Post: 
23953464 
1194356 
12 16,392 6.52 0.0001 
Omaha, NE Pre: 
Post: 
18721078 
5044982 
12 18,625 10.74 0.0001 
Nebraska City, NE Pre: 
Post: 
23154802 
10794799 
12 18,281 9.30 0.0001 
St. Joseph, MO Pre: 
Post; 
35413740 
38091531 
12 18,230 8.57 0.0001 
Kansas City, MO Pre: 
Post: 
48446994 
54745238 
12 18,230 5.31 0.0001 
Boonville, MO Pre: 
Post: 
58861355 
84368759 
12 19,326 3.45 0.0001 
Herman, MO Pre: 
Post: 
100550000 
130350000 
12 18,229 1.91 0.028 
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Table 2. Sununaiy of tests for differences in daily mean flow between pre- and post-
alteration periods on the Missouri River, using data restricted to the spring spawning season. 
Gauge stations were tested individually. 
Gauge Station Variance 
Degrees of 
Freedom F P 
Fort Benton, MT Pre: 
Post: 
2325883 
2122792 
6 8,078 0.32 0.93 
Wolf Point, MT Pre: 
Post: 
2958477 
655288 
6 2,136 0.62 0.25 
Bismarck, ND Pre: 
Post: 
52788478 
2791839 
6 4,620 2.53 0.02 
Yankton, SD Pre: 
Post: 
856161728 
2768352 
6 4,074 1.85 0.09 
Omaha, NE Pre: 
Post: 
54295925 
10052889 
6 4,620 2.04 0.06 
Nebraska City, NE Pre: 
Post: 
64983360 
23629030 
6 4,529 3.12 0.01 
St. Joseph, MO Pre: 
Post: 
88501831 
74308764 
64,529 2.91 0.01 
Kansas City, MO Pre: 
Post: 
140720000 
112360000 
64,529 2.18 0.04 
Boonville, MO Pre: 
Post: 
191390000 
189090000 
64,802 1.58 0.15 
Herman, MO Pre: 
Post: 
360970000 
339460000 
6 4,529 0.61 0.72 
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List of Figures 
Figure I. Location of gauge stations (•) on the Missouri river used to analyze the effects of 
human aheration on daily mean flow. Mainstem reservoirs are indicated by dark ovals. Inset 
shows location of the Missouri River basin within the United States. 
Figure 2. Daily mean flows during the pre-alteration (1925 - 1948) and post-alteration (1967 
- 1996) periods at four representative gauge stations along the Missouri River. 
Figure 3. Pre-alteration and post-alteration residual pk)ts from the autoregressive models for 
four representative gauge stations along the Missouri River. 
Figure 4. Daily mean flow in the spring flow period (1 April - 30 June) for the pre-alteration 
(1925 - 1948) and post-alteration (1967 -1996) periods at four representative gauge stations 
ak>ng the Missouri River. 
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CHAPTER 3. CLASSIFICATION OF REACHES IN THE MISSOURI AND 
LOWER YELLOWSTONE RIVERS BASED ON FLOW CHARACTERISTICS 
A paper to be submitted to Regulated Rivers: Research and Management 
Mark A. Pegg and Clay L. Pierce 
Abstract. Several aspects of flow have been shown to be important determinants of 
biological community structure and fiinction in streams, yet direct application of this 
approach to large rivers has been limited. Using a multivariate approach, we grouped flow 
gauging stations into hydrologically similar reaches in the Missouri and lower Yellowstone 
Rivers and developed a model based on flow variability parameters that could be used to test 
hypotheses about the role of flow in determining community structure, and for future 
con^Mrisons as the hydrological regime changes. Forty hydrological parameters for the 
recent, post-impoundment period (1 October 1966 through 30 September 1996) for each of 
IS gauging stations along the Missouri and lower Yellowstone Rivers were initially used. 
Preliminary gnq)hical exploration identified six variables for use in further muhivariate 
analyses. Six hydrologically distinct units composed of gauge stations exhibiting similar flow 
characteristics were then identified using chister analysis. Discriminant analyses identified the 
four most influential variables as: flow per unit drainage area, coefiScient of variation of mean 
annual flow, flow predictability, and flow constancy. A classification tree noodel further 
supported the findings of the chister anatysis and provides a predictive tool to forecast effects 
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of future changes in reservoir water release schedules. One surprising result was the relative 
similarity of flow regimes between the two uppermost and three lowermost gauge stations, 
despite large differences in magnitude of flow and separation by roughly 3000 km. Our 
resuhs synthesize, simplify, and interpret the complex changes in flow occurring along the 
Missouri and lower Yellowstone Rivers, and provide an objective grouping of portions of the 
river for future tests of how these changes affect biological communities. 
IntroductioB 
Management of flow in regulated rivers and streams typically focuses on maintaining 
maximum, minimum, and mean flows in direct response to flood control, navigation, 
hydropower generation, irrigation, and other human needs (Poff et al. 1997). However, 
when evaluating the responses of biological conmiunities to differences in flow, it may be 
necessary to take a more refined approach to analyzing hydrokigical data (Church 1995). 
Several stream fk>w variables have been used to describe the physical environment of streams 
and how organisms respond to these factors (Statzner and Higler 1986; Bain et al. 1988; 
Schlosser 1985; Poff and Ward 1989; Poff 1992; Townsend and Hildrew 1994). Indeed, 
several studies have reported that hydrobgical factors, specifically flow variability, can 
influence aquatic community structure (Horwitz 1978; Coon 1987; Bain et al. 1988; Fausch 
and BnunUett 1991; DiMak) and Corinun 1995; Poff and Allan 1995). This variability can 
occur at different temporal scales (e.g. seasonally or annually; Townsend and HiUrew 1994). 
Because of the many ways that the magnitude and variability of flow can be 
characteriased (Poff and Ward 1989), analyzing flow variables using a multivariate qiproach is 
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an effective means to determine similarities or differences among and/or within lotic systems. 
Hydrologically similar reaches can be classified into groups. The resulting classification 
system can then be used as a basis for testing whether hydrology influences the biological 
community among the groups. When relating characteristics of the biological community to 
hydrological conditions, it is necessary that these groupings are objectively determined and 
made a priori to assessment. 
Most of the previous studies characterizing and grouping lotic reaches by flow regime 
have focused primarily on small order streams. Poff and Ward (1989) characterized and 
classified 78 streams (mean annual flows < 30 m^ s'*) located across the United States using a 
suite of variables calculated fi'om daily and peak flow values for each stream. They 
speculated on the biological significance of these different hydrological regimes, and Poff and 
Allan (1995) subsequently confirmed several predictions for fish communities in small and 
medium sized streams. 
Classification of reaches exhibiting similar hydrological conditions within a system 
also has potential (Richter et aL 1998). This may be especially important in assessing 
hydrobg^ conditions in larger rivers, which are limited in number but may exhibit great 
variation in flow conditions from headwaters to mouth. Many large rivers, such as the 
Missouri, have undergone modification to support human needs (e.g., impoundment and 
channelization) that can influence flow characteristics (Nilsson et aL 1991; Hesse and Mestl 
1993; Poffet al. 1997; Parasiewicz et al. 1998; Pegg, unpublished data). The result could 
potentially be several unique Iqrdrological areas within one large river system. Furthermore, 
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many of these changes niay not necessarily be sinq)le, linear functions of the longitudinal 
increase in drainage area and discharge. 
The Missouri River is the longest river in the United States stretching nearly 4,400 km 
from western Montana to its confluence with the Mississippi River in Missouri (Figure 1). In 
addition to its great length, the Missouri River system also drains about one-sixth of the total 
area of the United States (Bemer 1951). Prior to channelization and impoundment in the 
early to mki 1900's, the Missouri River was characterized as a meandering, turbid river laden 
with islands (Funk and Robinson 1974). After channelization, however, the Missouri bek)w 
Sioux City, Iowa was changed into a fiiirly narrow and swift flowing river, resulting in a 
shortening of the channel by 125 km and reductk>n of the wetted area by nearly 64% 
(Whitley and Campbell 1974). Likewise, the construction of six major reservoirs in the 
middle portran of the river has also changed water quality above and bek)w the dams (Morris 
et aL 1968) and ahered the hydrok>gy of major portmns of the river (Hesse and Mestl 1993). 
These major alterations have essentially divided the Missouri River into three zones, an upper 
zone upstream from the major aheratwns, a middle zone with short free-flowing reaches 
between reservoirs, and a tower channelized zone. 
Objectives of this study were to, first, identify hydrok)gically similar reaches from the 
Missouri and tower YeUowstone Rivers using a suite of variables calculated from daily mean 
flowvahies. The second objective was to create an easily interpreted model of the important 
flow variables used in the classification process. These resuhs will provide an objective 
grouping of porttons of the river for fiiture tests of how these differences affect btotogical 
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communities. Future changes imposed on the Missouri River hydrology could also be 
assessed using the groupings identified in this study. 
Methods 
Long-term discharge records are available for several gauging stations along the 
mainstem Missouri and lower Yellowstone Rivers from the United States Geological Survey 
(USGS) via electronic media. These gauging stations yield a point measure for a given reach, 
providing insight into the general conditions within that portion of river. For purposes of this 
study, we used the 15 gauge stations (Figure 1) with complete flow data from water year 
(October - September) 1%7 through 19%. These dates define the years ailer closure of the 
impoundments along the mainstem Missouri River and therefore reflect the current, post-
impoundment hydrological regime (Galat and Lipldn 2000; Pegg, unpublished data). We 
included a site on the lower Yellowstone River (Sydney, MT) because it is a large tributary 
(discharge greater than the Missouri River at their confhience) that has undergone a limited 
amount of aheration (Benke 1990). Thus, in terms of flow aheration, the lower Yellowstone 
is similar to the Missouri River above Fort Peck Reservoir (Figure 1). Inclusktn of this site 
provided fiirther informatmn from relatively pristine areas for conqtarisons of fk>w variability 
with the more heavily human influenced downstream areas of the Missouri River. We dkl not 
use statuns located within the water storage areas of impoundments because we wanted to 
fi>cus solely on riverine flow variability. 
A suite of 40 hydrotogical variables were calculated for each gauge station from mean 
daily flow data using the Indicators of Hydrotogic Aheratwn (IHA) methodotogy (Richter et 
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al. 1996). Resulting data from the IHA calculations were reported by Galat and Lipkin 
(2000) for eleven of the fifteen gauging stations reported here. We calculated the IHA 
variables for the remaining stations using the IHA software (The Nature Conservancy 1997). 
This suite of variables provides information on the flow conditions (e.g. variability, 
predictability, magnitude) at each gauging station over the period of record. The IHA 
method places each of these variables into one of five categories: 1) monthly flows, which 
focuses on the mean noonthly flows; 2) magnitude and duration of extremes, giving insight 
imo the extent and duration of both high and low flow extremes; 3) time of extreme events, 
giving the mean date of the extreme events; 4) characteristics of flow pulses, providing 
information on the number and length of flow extremes; and S) rate of change, which gives 
the rate and mean number of changes in flow conditions (e.g., rising or tailing) from day to 
day (Richter et al 19%). 
The large number of variables calculated for a relatively small number of gauge 
stations precluded immediate application of some common muhivariate procedures. 
Therefore, we used a high dimensional graphical data exploration program (XGobO to 
identify a subsample of the descriptwe variables that could be useful in further ana^rses 
(Swayne et al. 1998). XGobi allows projection of an n-dimensional plot in a series of linked, 
2-dimensional ptots, and interptetatk>n of patterns within the data is ftcilitated by the ability 
to view more than one plane of the diagram by rotating the muhiple variable pk>ts. 
Simultaneous visualization of several variables in this format can thus provide insight into 
wiiich variables may be meaningfiil in further anafyses. 
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Multivariate analysis of the IHA variables followed two steps. In the first step, we 
grouped gauging stations that exhibited similar flow characteristics. We used cluster analysis 
to determine the centroid distance for all gauge stations with the variables identified in the 
data exploration stage (SAS 1987). We then determined meaningful cluster breaks using a 
minimum threshold criterion fix)m the distance between two clusters (Sharma 1996). Cluster 
distances greater than the threshold were considered to indicate distinct clusters. We then 
placed stations most closely linked, and consklered to be relatively homogenous, into 
common flow variability units. 
The second step determined whkh variables accounted for the most variation among 
these units. We used stepwise discriminant analysis to kientify whkh variables best 
discriminated among the groupings finm the cluster analysis. Once these variables were 
determined, we used discriminant analysis to determine the classificatk>n error rate. 
Determinatbn of classificatran rates provkles insight into the vaUdity of groups based upon 
the empirical data used in defining the groups (Sharma 1996). 
Finally, we devek)ped a classificatk>n tree model to supplement the preceding 
multivariate technkfues using the S-PLUS progranuning environment (Venables and Ripley 
1994). Classificatkm trees can be viewed as a type of variable selectk)n v«4iere concerns of 
interactmn among variables are automatically handled (Venables and Ripley 1994). These 
trees describe responses to dependent groups based on several independent variables similar 
to multiple regressun methods. However, the classificatwn tree method uses a hierarchy of 
predictnns to classify to which groiq) the dependent variable shoukl bek>ng (StatSofl 1999). 
This can result in several fwedictk>ns fi)r one observatktn, whereas muh^le regressran 
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methods make only one prediction for each case. An important benefit of this technique is 
that the resulting tree is relatively easy to understand and interpret (Breiman et al. 1984). 
Resuhs 
Fourteen stations from the Missouri River and one Yellowstone River station were 
used to identify the flow variability units (Figure 1). Of those IS stations, IHA data were 
available for 11 in Galat and Lipkin (2000). We calculated IHA variables for the remaining 
stations located at Virgelle, Fort Peck, and Culbertson, Montana, and Sioux City, Iowa 
(Figure 1). 
Oraphical expiration of the IHA variables indicated that several couki be useful for 
clustering the IS gauging stations into units. However, nearly all of the variables that 
specifically dealt with central tendencies of the fk>w values (e.g. mean annual fk>w, mean 
monthly flow, median monthly flow, etc.) were strongly correlated with watershed size. 
Furthermore, the k)catk>n of gauging statnns in k>ngitudinal sequence ak)ng the Missouri 
River resulted in pronounced serial autocorrelatk>n among these variables. Hence, we used 
only variables that were not directly influenced by watershed size (increasing trend moving 
downstream) to group the gauging statmns. Graphical expk>ratk>n of this subset of the data 
indicated that six variables couU be used to klentify hydrok)gically diffimnt reaches of the 
Missouri and tower YeUowstone Rivers. Fk>w per unit drainage area (FPA) is the ratk> of 
daily mean discharge at the gauge statmn to the watershed area above the gauge over all 
years. Coe£Bcient of variatwn for mean annual flow (FCV) is a dimensk>nless parameter that 
represents the ratk> of standard deviatnn of the mean daily fbw to its mean. Fk)w 
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predtctatnUty (FP) is the measure of variation among successive periods (Colwell 1974) and 
ranges from zero to one, where high predictability values indicate low variability. 
Predictability is comprised of two components which were also included in the cluster 
anatysis: flow contingency (FCTG) and flow constancy (FC). Flow contingency is a measure 
of periodicity meaning that flows can vary quite dramatically yet still have a high FP score if 
similar flows occur at a consistent periodicity. Conversely, relatively stable flows would also 
have high predictability, but the major component would be constancy rather than 
contingency. The final variable we identified in the graphical exploration stage was the ratio 
of FC to FP (CP), which gives the magnitude of the consistency component used to calculate 
FP. See Colwell (1974) and Poff and Ward (1989) for further explanation and rationale of 
these variables. 
In contrast to the steady increase in annual mean discharge, there was no evidence of 
continuous longitudinal trends throughout the entire length of the Missouri River in any of 
the flow variables we analyzed (Figure 2). However, there were continuous trends evident 
over considerable lengths of the uppermost and lowermost portions of the river for several 
variables. FPA declined steadily in the upper section and decreased steadily in the lower 
section. FP and FC declined steadity in the lower section. FCV in the lower portion of the 
river exhibited a sigmoid pattern, with low vahies for the first four stations below the lowest 
reservoir, followed by a sharp increase over the next three stations, finally stabilizing in the 
lower section (Figure 2). 
In addition to separating portions of the river where continuous flow trends occurred, 
the mainstem reservoirs also corresponded with other flow discontinuities (Figures 1,2). On 
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the Missouri River, FCV decreased dramatically between the stations directly above and 
below Ft. Peck Reservoir, increased dramatically between Wolf Point and Culbertson, and 
decreased dramaticaUy again between Culbertson and Bismarck. The decline in FCV 
between Sydney on the lower Yellowstone River and Bismarck was very similar to the 
decline between Culbertson and Bismarck. However, the Sydney station, whk;h is similar to 
the Ft. Benton and Virgelle statrans on the Missouri in that it is unaffected by large mainstem 
reservoirs, had distinctly bwer values for FC and CP than Missouri statrans both above and 
bebw Ft. Peck Reservoir (Figures 1,2). 
We identified six hydrok>gically distinct units from the cluster analysis: (1) Inter-
reservoir I (IR-I); (2) Upper Channelized (UU); (3) Lower Channelized (LC); (4) Upper 
Unchannelized (UU); (5) lnter>reservoir II (IR-II); and (6) Unchannelized Yellowstone 
(UYS; Figure 3). Stations often clustered more ck)sely with distant than adjacent stations 
(Figure 2,3). Interestingly, ahhough they inchide the most spatially distant statbns, the UU 
and LC units clustered ctoser to each other than to units consisting of nearby statk>ns. 
Stepwise discriminant analysis indkated that four of the original six variables 
significantly contributed to clustering the stations into similar hydrok>gical units (Figure 2). 
Univariate F-tests klentified the contributing variables as FCV (F- 41.2; P = 0.0001), FPA 
(F= 15.25; P = 0.0007); FP (F= 6.92; P = 0.012), and FC (F=4.2; 7*= 0.05). Discriminant 
analysis correctly classified all 15 statk>ns into their appropriate unit based on these four 
variables. Pairwise correlatwns among these four variables were generally tow and not 
statistically significant {P > 0.05). 
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The UU, IR'II, and UYS units were characterized as having higher values for the four 
influential variables identified in the discriminant analysis (Figure 2). The UC unit had the 
overaU lowest values; whereas, the IR-1 and LC unit values were somewhat intermediate. 
The classification tree model (Figure 4) also had a 100% correct classification rate. 
The four influential variables identified by discriminant analysis were included in the 
development of this tree. However, FPA and FCV appeared to have the greatest effect in 
classification of the hydrological units within the model Therefore, the resulting model used 
only these two variables to correctly classify all six flow variability units. 
Discusiioii 
The grouping of gauge stations into six flow variability units by our analyses generally 
followed a longitudinal continuum along the river system. This makes intuitive sense due to 
the cumulative nature of flow along the river's course. However, the division of the river 
into discrete units begs the questions of where and why these unit breaks occur. There are 
two likely reasons for the majority of the unit differences. The first is the fiict that the 
Missouri River has essentially been dhided into three parts due to the massive alterations to 
the river during the early to mid 1900's. Inqmundments and channelizatran in the mkldle and 
k)wer river have effectively divkled the river into an upper least-altered area, a mkldle inter-
reservoir area, and a k>wer channelized area. These management practkxs have had a strong 
influence on the channel morphotogy and hydrok>gy of the mkidle and k>wer Missouri River 
(Hesse and Mestl 1993; Gatat and Lq)kin 2000). So, this aUows the first, coarse step in a 
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logical division of the major sections of the river. However, our detailed analysis of flow 
variability suggests further subdivision within these broad areas. 
Flow patterns not intuitively linked with river alteration were also evident from our 
analyses. The UU unit is characterized as having the highest FPA values in all the stations we 
studied (Figive 2). The coefBcient of flow variation (FCV) and FP tended to be relatively 
high in this unit as well. The high FCV score indicates a relatively large amount of annual 
flow variability within this unit, but high FP indicates that this variability does occur with 
relatively regular periodicity. 
The IR-I unit had the lowest amount of variation (FCV) and relatively high 
predictability when compared to the other units (Figure 2). Flow constancy was also high 
which played a large role in classifying this unit. Flow variability immediately downstream of 
dams tends to be reduced (Ligon et al. 1995). Thus, constancy is a consequence of the close 
downstream proximity of the gauge stations to dams in the IR-I unit. The result is stable 
flow throughout the recent, post-regulation period of record. 
The IR-II unit was similar to Inter-reservoir I except that FCV was markedly higher. 
The higher annual variation is most likely due to the input from tributaries. Between the 
Wolf Point and Culbertson gauge statwns (Figure 1), two tributaries (Poplar River and Big 
Muddy Creek) enter the Missouri River. Streams in this region tend to be quite variable and 
dependent upon snowmeh in the spring and unpredictable precipitatkm throughout the 
remainder of the year (Poflf and Ward 1989). These tributaries typical^ contribute 1-2% of 
the mean annual flow to the Missouri River at the Culbertson gauge. However, during high 
prec^itatwn periods, the tributaries can contribute as much as 5 • 15% to the total flow. It 
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would follow then, that the tributaries joining the Missouri would add flow variability to this 
unit during these high flow periods. The added variability has created a point of separation 
between the two inter-reservoir units. 
Similar to the IR-Il unit, the UYS also had a high FCV value in addition to the lowest 
FC and CP of all the stations. This would indicate that, while predictability is fiurly similar to 
the other units, there is a large amount of annual variation. Consequently, the lower 
consistency suggests that there is a fiur amount of daily and monthly variability, albeit 
occurring with some regularity, which can be attributed to its relatively free-flowing nature 
(Benke 1990). This conclusion is also supported by Galat and Lipkin (2000) who reported 
the lower Yellowstone River to be the least hydrologically ahered reach of the Missouri and 
lower YeUowstone Rivers. Thus, flows in the UYS unit tend to be more variable than the 
units of the Missouri River due to this natural heterogeneity. 
Located directly below the six mainstem reservoirs and in the upstream portion of the 
channelized navigation corridor, the UC unit is in a unique position on the Missouri River 
(Figure 2). The regulated flows coming out of the inter-reservoir units and reservoirs 
resulted in the lowest FCV values of any in the system. Additionally, there are few major 
tributaries that could contribute additional flow. The one exception to this is the Platte River 
which provides about 9% of the mean annual flow at Hermann, MO (the lowermost gauge 
station on the Missouri River). The low FPA scores reflect this lack of tributary contributk>n 
as it remains &irly k>w throughout this unit (Figure 2). The classification tree (Figure 4) also 
uses FPA as the ma^r criterion for separating the UC unit from the other units. The 
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combination of upstream influence from the impoundments and the scarcity of major 
tributaries resuhs in one of the more stable flow units. 
Finally, the LC unit exhibits more variability than the UC unit as the Missouri River 
approaches the confluence with the Mississippi River. Geographically, this units watershed 
area drains about 38% of the entire Missouri River basin, but supplies 61% of the average 
annual flow to the system (Galat and Lipkin 2000). Additionally, the major tributaries within 
the LC unit (e.g., Kansas River, Grand River, Osage River) contribute nearly half (44%) of 
the total annual flows at Hermann, Mo. Input from these tributaries ameliorates some of the 
influence that the impoundments have on the middle portion of the river, resulting in much 
higher FPA values compared to the UC unit. Flow predictability also reaches some of the 
lowest values (Figure 2) reflecting the renewed variability within the system. The resuh is a 
relatively variable unit, giving the flows in this area a less regulated characteristic. 
A consequence of this renewed variability, revealed by the cluster analysis, is the 
linkage between the extreme upstream and downstream units. The cluster analysis 
dendrogram (Figure 3) shows that the UC and LC units are nwre ck>sely related with each 
other than with any of the other units. Galat and Lipkin (2000) reported simibir results from 
their analysis with k)wer levels of aheratwn in the extreme upstream and downstream reaches 
of the Missouri River. Again, this is probably attributable to the input of the larger tributaries 
found in the LC unit which mediate the effixts of impoundment and channelizatmn feh in the 
nuddle part of the river. 
The hydrotogical effects of reservoirs are most notably observed on flow variatmns 
within a year (Allan 199S; Hesse and Mestl 1993). Specificalty, mainstem Missouri River 
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impoundments have typically been thought to change the timing rather than total discharge 
depressing maximum flows and raising minimum flows throughout the year (Hesse and Mestl 
1993). Each reservoir has specific operating requirements that mandate particular water 
levels at certain times of year (USACOE 1998). There are exceptions to this (i.e., some 
filling takes place in wet years that were preceded by dry years), but generally the same 
amount of water flowing into a reservoir flows out. If the total amount of discharge does not 
change over the length of the reservoirs, then our FCV estimates should reflect similar values 
at each station along the river because they are calculated at the inter-annual scale. Figure 2 
indicates that this is not the case as variability in the inter-reservoir units is markedly lower 
than the other units. This suggests that the inter-annual effects from reservoirs may be 
greater than previously thought and warrants further investigatioa 
Our approach has identified six hydrotogically distinct units abng the Missouri and 
lower YeUowstone river system based on inter-annual patterns in ffew variability. An 
important utility of this classificatk>n will be in future testing for responses of lotic organisms 
to the differing flow condituns occurring in these units. Studies investigating among-stream 
differences at the intra-annual scale have shown that flow characteristics can influence the 
composition and structure of biok>gical communities (Horwitz 1978; Coon 1987; Bain et al. 
1988; Fausch and Bramblett 1991; DiMan and Corkum 1995; Poffand Allan 1995). For 
fish, the basic premise is that assemblages in hydrotogicaUy stable environments tend to 
consist primarily of species with specialized life histories. Conversely, highly variable 
conditwns are more conducive to generalist life history traits. Application of this theory at 
the inter-annual temporal scak and to larger rivers has been limited due to the lack of 
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multiple systems with similar characteristics for hypothesis testing. Comparing community 
attributes within one large system is especially difiBcuh because of the inherent longitudinal 
zonation of species richness and diversity (Statzner and Higler 1986), and perhaps further 
complicated by the disruptive nature of impoundments upon this gradient (Ward and Stanford 
1995). We expect the LC unit to have the highest aquatic species diversity due to both its 
position in the drainage network, lack of barriers to upstream migration from downstream 
source populations, and the less regulated nature of the flows. Conversely, the inter-reservoir 
units would be expected to have lower diversity estimates due to the influence of the 
reservoirs, position between physical barriers, and k>ngitudinal positk>n. The next step will 
be to test these predictions using biobgical data from the Missouri and k>wer Yellowstone 
Rivers. We are currently addressing some of these questions, ak)ng with a collaborating 
group of researchers (Young et al. 1997). 
The classification tree (Figure 4) devebped here woukl be useful for examining 
changes in the fbw of the Missouri River system if water release schedules were to change. 
Unlike other muhivariate methods, classificatmn trees use the actual variable values to 
classify branches. The underlying processes used to devek>p this tree were complex, but the 
resulting tree is &irly sinq>le to understand (Breiman 1984), fiuilitating its use in future 
decisk>n making processes. For example, if the hydrograph were changed, as has been 
proposed by Hesse and Mestl (1993) or the U.S. Army Corp of Engineers (USACOE 1998), 
estimates of these changes in the tree variables couM yieU predictnns regarding how fk>w 
regimes might shift in various pottnns of the river. 
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In large systems such as the Missouri River, there are reasons to group river reaches 
in various ways to meet specific goals. The division of the river into three parts defined by 
human aheration, discussed earlier, is a useful first step in identifying regions sharing basic 
characteristics. Dividing the river by other criteria (e.g., political, climatic, topographical) 
might also have utility for certain uses. However, we believe that by objectively creating 
groups based on a suite of driving variables with demonstrated biological significance as we 
have done here, we can set the stage for further exploration into how these factors influence 
biological communities in large river systems. 
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List of Figures 
Figure 1. Location of the 1S flow gauging stations (•) used on the Missouri and lower 
Yellowstone River to identify hydrologically similar reaches. Inset shows location of the 
Missouri and Yellowstone River basins within the United States. 
Figure 2. Hydrological variable scores and resulting flow variability unit groupings of 
gauging stations in relation to mean discharge and location along the Missouri and lower 
Yellowstone Rivers. Scores for all six variables used in the cluster analysis are shown; the 
four variables best discriminating among hydrological units are identified by solid symbols 
(FPA = flow per unit area; FCV = annual flow coefficient of variation; FP = flow 
predictability; FC = flow constancy; FCTG = flow contingency; CP = proportion of 
constancy within predictability). 
Figure 3. Flow variability unit groupings of the IS gauging stations used in cluster analysis. 
The numbers in parentheses indicate groupings of similar stations. Group 1 is the Inter-
reservoir I unit, group 2 is the Upper Channelized unit, group 3 is the Lower Channelized 
unit, group 4 is the Upper Unchamielized unit, group S is the Inter-reservoir II unit, and 
group 6 is the Unchannelized Yellowstone unit. 
Figure 4. Classification tree model used to identify Missouri and lower Yellowstone River 
gauging stations into their respective flow variability units (FPA = annual flow per unit area; 
FCV - coefficient of variation for mean annual flow). 
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CHAPTER 4. FISH COMMUNITY STRUCTURE IN THE MISSOURI AND 
LOWER YELLOWSTONE RIVERS IN RELATION TO 
FLOW CHARACTERISTICS 
A paper to be submitted to Ecobgical Applications 
Mark A. Pegg and Clay L. Pierce 
Abstract. Human aheration is commonplace among large rivers and often results in 
changes in the flow regime which can lead to changes in fish community structure. We 
explored the characteristics of fish community structure, morphological characteristics, 
fimctional composition, and life-history attributes in relation to six unique flow regimes in the 
Missouri and lower Yellowstone Rivers. We found significant differences (P < O.Ol) in 
community composition and abundance. The clearest pattern in our results was the 
distinction between the channelized portion of the river below the mainstem reservoirs from 
all other parts of the Missouri and lower Yellowstone Rivers due to a marked reduction of 
species richness above the reservoirs. We also found morphological, fimctional, and life-
histoiy differences {P < 0.05) among the flow units, with the inter-reservoir communities 
consisting of slightly more generalist characteristics. Our resuhs suggest some relation 
between flow and fish community structure, but that human aheration may have the strongest 
influence in distinguishing community diflferences in the Missouri and lower Yellowstone 
Rivers. 
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Introduction 
Human alteration has had an extensive influence on the ecology of large rivers by 
changing the structure and function of aquatic communities. Changes in water quality, 
habitat quality and nutrient cycling are &ctors generally associated with human activity (Karr 
et aL 1986). Flow regimes are also changed by controlling water via impoundments, 
channelization, or other flow entrainment structures. These management practices are 
directed toward flood control and/or maintaining a reliable source of water for navigation, 
hydropower, irrigation, and consumptive uses that can influence biotic communities by 
maintaining unnatural conditions. 
Many flow variables have been used to describe the physical environment of streams 
including flow stability, predictability and variability (Statzner and Higler 1986; Bain et al. 
1988; Schlosser 1985; Pofifand Ward 1989; Poff 1992; Townsend and Hildrew 1994) and 
have shown that these variables do influence community structure of aquatic organisms. Poff 
and Allan (1995) also used several flow variables as a predictive tool to describe fish 
communities ui small streams. Prediction of fish assemblages using physical characteristics, 
specifically flow, stem from refinements of Southwood's (1977) habitat templet. The basic 
premise is that fish assemblages in stable environments will support specialist species that rely 
upon stable resources. This assemblage wiU usually consist of both long and short lived 
species (Townsend and Hildrew 1994). Conversely, highly variable environments will 
support a more opportunistic fidi assemUage tint can take advantage of resources as they 
become available (Poff 1992; Townsend and Hildrew 1994; Poff and Allan 199S). 
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Assemblages in highly variable environments wiU typically be dominated by species that 
exhibit generalist characteristics. 
Variability and stability in lotic systems are typically defined by the frequency, timing, 
and magnitude of changes between high and low flows. This does not mean every flood or 
drought will influence a species assemblage. Many species have evolved to exploit spring 
flooding in rivers (Junk et al. 1989) so a clear distinction between the ecobgical and 
evolutionary time scale of flow disturbances which influence species assemblages is needed 
(Po£f 1992). When a natural disturbance is relatively predictable (e.g., spring floods), little 
change in community structtire will occur because the community has evolved with this 
phenomenon. Less predictable ecok)gical disturbances immediately change habitat 
availability which can cause shifts in the species assemblage. In other words, if flooding 
episodes have k)w predictability in a river or stream, then the event is more likely to act as an 
ecok>gical disturbance which &vors generalist species. This theory then provides a basis 
from which to test for differences of fish assemblages based on hydrok)gical parameters. Poff 
and Ward (1989) established the basis for this type of assessment by classifying 78 streams 
finm the United States into nine categories exhibiting different fk>w regimes. Poff and Allan 
(1995) found that hydrobgic fintors infhienced fish community structure supporting several 
earlier predictbns (Poff and Ward 1989). Likewise, DiMaio and Corkum (1995) identified 
distinct freshwater Unwnkl assemblages associated with different hydrobgic regimes in Great 
Lakes tributaries. 
Most of the research on linking flow characteristics to fish community structure has 
been conducted on smaU streams because they are ubiquitous and easier to sample than larger 
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rivers. The difiBcuhy in collecting data from large rivers has been a limitation, but as 
restoration and mitigation efforts increase, there is urgent need to gain an understanding of 
how aquatic communities are influenced by human alteration. One effect of this alteration on 
the Missouri River is a change in flow characteristics (Chapter 2; Galat and Lipkin 2000). 
Pegg and Pierce (Chapter 3), Pegg et al. (Chapter 2) and Galat and Lipkin (2000) reported a 
large amount of flow variability in the Missouri River due to its large expanse and history of 
aheration. This variability has resuhed in regions differing in a suite of flow characteristics 
which, in turn, may influence the fish community. 
The purpose of this study was to expk)re characteristics of fish community structure, 
functional composition, and life-history attributes in relation to flow regimes in the Missouri 
and lower YeUowstone Rivers. Our specific objectives were to 1) characterize the species 
richness and compositun, functional composition, and proportional life-history composition 
of portions of these rivers differing in flow characteristics, 2) test for differences in fish 
communities among portions of the river differing in flow characteristics, 3) examine the 
pattern of responses in relation to flow regimes associated with human aheration, and 4) test 
the hypothesis that fish communities in areas with ahered flow regimes exhibit more 
generalist fiinctional and Ufi^history characteristics than communities from unahered areas. 
Methods 
Fish Community and Flow Data 
We collected fish firom IS segments kicated throughout the riverine portk>ns of the 
Missouri and tower YeUowstone Rivers during the late summer and early fidl of 1996-1998. 
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The goals of our sampling design were to qualitatively and quantitatively characterize the fish 
communities throughout the river system, and to enable river-wide comparisons among 
segments differing in flow, habitat, and other characteristics. Within each segment, six 
macrohabitat types were sampled, inciudii^ inside and outside bend, main channel at the 
cross-over point between bends, tributary mouth, connected side channel, and unconnected 
side channel Sampling gears used included boat electrofisher, beam trawl, bag seine, 
stationary gill net, and drifted trammel net, and two of these gears were used in each 
macrohabitat. We attempted to sample five replicates of each macrohabitat type in each 
segment, although there were minor differences in the number of samples taken among 
segments due to differing availability of some macrohabitats, especially side channels and 
tributary mouths. For this analysis, we adjusted catches to our a priori standardized 
sampling effort within segments. Complete details and rationale for sampling design, 
sampling procedures, data processing, and quality assurance are reported in Sappington et al. 
(1998). 
We related fish community characteristics to differing fk)w regimes previously 
identified in the Missouri and lower Yellowstone Rivers (Chapter 3). Using daily mean flow 
data from 15 gauge stations during the recent, post-aheration period (1996-1996) six distinct 
flow units exhibiting differing combinations of flow variability and predictability were 
identified. Flow units include Upper Unchamielized (UU), Unchannelized Yellowstone 
(UYS), Inter-Reservoir I (IR-I), Inter-Reservoir 11 (IR-II), Upper Channelized (UC), and 
Lower Channelized (LC) (Figure 1). The number of segments fi)r fish sampling located 
within flow units ranged fi:om one to four, so the number of segments per unit was used in 
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the analysis to adjust for an unequal number of segments, and thus fish sampling effort within 
flow units. 
Data Analysis 
Differences in community structure among the flow units were determined with 
multidimensional scaling ordination (MDS) of the species abundance (adjusted total catch) 
data using a Bray-Curtis similarity matrix. Double square-root transformations were used to 
moderate the dominance of extreme abundances. The resulting Bray-Curtis matrix provided 
only one data point for each unit and year combination. Therefore, we evaluated the 
significance of these differences using a two-way crossed Analysis of Similarity (AN0SIM2) 
with no replication (Warwick et al. 1990; Clarice and Warwick 1994a; 1994b). 
We investigated morphotogical, fiuictranal, and life-history characteristics of fish 
communities within and among the six hydrok>gk; units. Most of the data for these analyses 
were previously compiled by WinemiUer and Rose (1992) and Poff and Allan (199S). Data 
were not prevnusly summarized for some species, so we compiled them firom vark)us 
sources and classified them foUowing WinemiUer and Rose (1992) and Poff and Allan 
(199S). Descriptwns of these characteristics are shown in Table 1. 
Most variables listed in Table 1 are self-evklent and have been adequately defined 
elsewhere (>K^iiemiller and Rose 1992). However, three lesser known variables are shape 
&ctor, swim &ctor and parental care. Shape fiictor is the ratk) of total length to maximum 
body depth. A high ratk> indicates a more etongate body shape which implies better 
swimming ability in swift current. Swim fiictor is the ratnofthe minimum depth of the 
caudal peduncle to maximum depth of the caudal fin. Low ratk>s iiiq[)iy o^nbOity of strong. 
71 
prolonged swimming (Poff and Allan 1995). Parental care is the sum of three scores 
(placement of zygotes, protection of zygotes or larvae, nutritional contribution) and can 
range from no care (0) to large amount of energy put into care (8). 
We tested for life-history differences among units by weighting each morphological, 
functional, and life-history characteristic value by the adjusted catch for each species and unit 
combination. The overall score for each unit was the average scores for all species present in 
the unit, weighted by their relative abundance. We then used analysis of variance (ANOVA) 
for continuous variables and a Kruskal-Wallis test for categorical variables to determine 
differences among units. 
Results 
Our MDS analysis of Bray-Curtis similarities indicate differences in fish community 
structure and abundance among the six flow units (Figure 2). Dimension I clearly separates 
the channelized units from all other units, and also provided some separation between the UC 
and LC units. We found strong negative correlations {P < O.OS) of species abundances for 
channel catfish Ictalunis punctatus. emerald shiner Notronis atherinoides. freshwater drum 
Aotodinotus immniens. and longnose dace Rhvnichthvs cataractae and a positive correlation 
for &thead minnow Pimnhales nromeias abundances with dimension 1 (Table 2; Figure 2). 
Species abundances for flathead chub Platveobio gracilis and longnose dace were negatively 
correlated to dimension 2, while correlations for river shiner Notropis blennius abundances 
and dimension 2 were positive. 
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We also found a strong negative correlation (r = -0.95; P < 0.01) of species richness 
to dimension 1 suggesting that these two groups were separated on the basis of several 
species that were absent upstream of the UC unit (Appendix 2). CoeflBcient of variation 
(FCV) for annual flow, used initially to identify the flow units (Chapter 3), was correlated 
with dimension 2 (r = 0.81; P = O.OS) suggesting a potential response between the fish 
communities within inter-reservoir and unchannelized units. Ahhough there were differences 
in community conqwsition among years within units, among-unit differences were generally 
greater than within-unit differences. We also performed a separate MDS analysis on the four 
upper most hydrologic units to further identify relations among units, but the ordination was 
nearly identical to the analysis using all data and is not presented here. 
Our ANOSIM2 test for fish community differences showed a significant hydrologic 
unit effect (r = 0.92; P < 0.01) which supports the ordination differences identified in Figure 
2. However, we did not detect any yvat effects (r = 0.20; P < 0.96). Since we could 
demonstrate no significant year effects on the abundance and species conqwsition of the fish 
community, we focused further analyses on the general morphological, functional, and life 
history differences among the six flow units combining all three years of data. 
We collected 106 species, exclusive ofhybrids, throughout the course of the three 
year study (Appendix 2). The mean number of species collected in each hydrologic unit was 
fiurfy constant throughout the upper two thirds of the river, with a marked mcrease in the two 
channelized units (Figure 3). Species similarities within each unit were relatively high 
i>65%) over the three years of study (Table 3). However, among-unit comparisons showed 
varying degrees of similarity. Generally, units found in cbse geographic proximity had higher 
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similarities than did units separated by larger distances. Fish communities from the upper and 
lower extremes had a similarity of less than 45% among the UU and LC units. Likewise, the 
inter-reservoir units were typically most dissimilar compared to all other units (Table 3). The 
percent composition of large river species was typically over 80% of the standardized total 
catch throughout the Missouri and bwer YeUowstone Rivers (Figure 3). Percent 
composition of Pflieger's (1989) large river species was lowest in the inter-reservoir units, 
especially the IR-1 unit, where the composition of large river species was 20%. 
Nearly all of the continuous morphological and life-history characteristics differed 
significantly among units (Table 4). Fish communities from the upper river had significantly 
higher mean shape fectors indicating a more ek)ngate body shape. This was predominantly 
due to the high abundances of taxa like flathead chubs and Hvbopiathus spp. in the 
unchannelized and IR-II units and k)ngnose suckers Catostomus catostomus in the IR-I unit. 
Swim foctor was lowest in the channelized portk)n of the Missouri River suggesting a large 
component of individuals capable of protonged swimming. In these units gizzard shad 
Dorosoma cepedianum were most abundant and had one of the k>west swim &ctor scores. 
Age at maturity and length at maturity were both highest in the IR-I unit due to high 
longnose sucker abundances that had much higher scores for both characteristics than most 
of the other highly abundant species caught in other units (Appendix 2). Mean clutch size 
was highest in the IR-II, UC, and LC units due to the proportion of river carpsuckers 
Carpiodes camb. common cam Cvnrinus caroio and gizzard shad that all have hiph mean 
chitch sizes. Maximum length showed no clear among-unit trends and average life span did 
not differ significantly throughout the river system. 
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Among-unit comparisons of the categorical functional and life-history characteristics 
were also significantly different (Table S). Tolerances to silt and turbidity were generally high 
in all units, but mean of tolerance to sih generally decreased downstream; whereas tolerance 
to turbidity showed the opposite longitudinal trend, being lowest in the unchannelized units 
of the Missouri and lower Yellowstone Rivers. 
We found marked differences in the proportional composition of the trophic guilds 
among flow units (Figure 4a). The upper unchannelized units were dominated by 
herbivorous (e.g., Hvbognathus spp.) and invertivorous species (e.g., flathead chubs, 
sturgeon chubs Macrhvbopsis yelida) (Table 5; Figure 4a). Moving downstream, there were 
several abrupt changes in relative abundance of trophic guilds among flow units. 
Proportional trophic guild composition changed dramatically between the UU and IR-I units, 
which are separated spatial^ by Ft. Peck Reservoir. Herbivores and general invertivores 
declined precipitously in this transitmn, whereas omnivores and benthk invertivores increased 
greatly in proportion. The IR-II unit, kicated between isolated sectk>ns of the IR-I unit, 
differed firom the IR-I unit in having a much larger proportk>n of general invertivores and a 
much k}wer proportk>n of benthk invertivores. The channelized units showed a dramatk 
increase in the proportwn of planktivores, predominantly gizzard shad. 
There were also differences in the proportknal com^wsitwn of current preferences 
among flow units (Table S; Figure 4b). The upper unchannelized units were dominated by 
qiecies with either &st or moderate water vekKity preferences. The transitkn from the UU 
to IR-I unit was characterized a prec^itous decline in &st and moderate vetocity 
preferences, and a brge increase in stow vek>city preference. VekKity preferences were fiurly 
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even in the IR-II unit with no category accounting for more than 34% of the community. 
The channelized units had proportional preferences similar to the IR-I unit, with species 
preferring slow velocity dominating. However, moderate preference was much more 
prevalent in the channelized unit, accounting for over 30% of the community in both UC and 
LC units. Species preferring fiist current included shovelnose sturgeon Scaohirhinchus 
platorvnchus. blue sucker Cvcleptus eloncatus. sicklefin chub meeki and sturgeon chub. 
The moderate flow preference group was made up largely of walleye Stizostedion vitreunL 
sauger S. canadense. and several small cyprinid species like emeraki shiner. Deeper bodied 
species like bigmouth buffido Ictwbus cvorinellus. freshwater drum, and river carpsuckers 
made up a large proportk>n of the sk>w current preference group throughout the river. 
Common carp, gizzard shad, and gokleye Hfodon atosokies were fiiirly prevalent generalist 
species (Appendix 2). 
The proportk)nal compositran of substrate preferences were also different among flow 
units (Table 5). Preference for sand dominated upstream fivm the reservoirs, and in the IR-II 
unit. Preference for gravel was greater than 40% in the IR-I unit, but well bek>w 20% in all 
other units. The channelized units were similar with k)w percentages of gravel and sand 
preference, and general and pelagic preferences of roughly 40% each. Species preferring 
gravel substrate inchided bhie suckers and shorthead redhorses Maxostoma macrolenidotum: 
whereas, the most abundant species preferring sand included emeraki shiners, Hvbognathus 
spp., and many of the other small bodied ^prinkls. Substrate generalist species consisted of 
common caip, channel catfish, and river carpsuckers. The pebgic preference was almost 
exchisivety gizzard shad in the channelized units. 
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The proportionai composition of spawning substrate preference also differed 
significantly among units, shifting from dominance of gravel, sand, and structure in the 
unchannelized units, to dominance of gravel spawners in the inter-reservoir units, to a high 
percentage of general and pelagic spawners in the channelized units (Table 5; Figure 5b). 
The inter-reservoir units had a high proportion of gravel spawners as well. Species preferring 
gravel spawning substrate included longnose suckers, white suckers Catastomus commersonL 
and shovelnose sturgeon. The most abundant species preferring sand included members of 
the genus Notropis. and river carpsuckers. There was also an increase in the preference of 
underwater structure during spawning in the inter-reservoir and channelized units. The most 
abundant species preferring this substrate were common carp and channel catfish. We also 
observed an increase in the proportion of pelagic spawners which consisted mainly of gizzard 
shad and freshwater drum. 
Correlatbn analysis of morphobgical, fiinctbnal, and life history characteristKS with 
the individual flow variables used to define flow units revealed few significant relations, 
suggesting that the among-unit differences cannot be explained in terms of any single defining 
flow variable. However, ak)ng a gradient of increasing hydrotogw aheration (fit>m Galat and 
Lipkin 2000) that takes several flow variables into account, there were significant decreases 
in shape fiictor (r = -0.88; P < 0.05), age at maturity (r = -0.96; ^ = 0.01), and proportran 
of fiist vek>city species = -0.91; P = 0.03) and an increase in the proportmn of sk)w 
vekKity qiecies (r = 0.92; P = 0.03) for all reaches of the river, with the exceptk>n of the IR-
n unit that was not inchided in their analysis. 
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Discussioii 
Fish community structure in lotic communities have been evaluated by morphology 
(Gatz 1979), functional groups (Grossman et aL 1982; Poff and Allan 1995) and life-history 
characteristics (Mahon 1984) and our analyses provide a similar framework to assesses 
community structure within the Missouri River basin. However, it is not without 
complications. Ideally, relating structure to one or two variables is preferred due to the ease 
of interpretation and there is some evidence that flow can be used in such a manner. Toner 
and Keddy (1997) found that only two flow variables were needed to identify riparian 
wetland vegetation types along regulated rivers. Our results suggest a more con^lex, 
multivariate relation between flow and community structure, but we were able to detect 
differences in 6sh community structure. 
Our results show that there are differences in fish community structure and abundance 
patterns among the six flow units. The strongest pattern in our data suggests that the largest 
differences lie between the channelized and the upstream units. Within these two groups, 
species abundance structures also appear different (Figure 2). A possible explanation for 
differences among these communities is the eflfect of dams blocking migration. In 
unregulated rivers, we woukl ejqsect a gradual increase in species richness moving 
downstream (Vannote et aL 1980), but when dams are placed on these rivers the physical 
barriers can impede upstream movements, effectively isolating above dam communities from 
their downstream species source pools. 
In additwn to being bairiers to movement, dams change many water quality and 
habitat characteristics as well (Ward and Stanford 1983). Water quality parameters such as 
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turbidity and temperature are often changed as water passes through inqraundments due to 
the settling sediments and location of the water release in relation to thermal stratification of 
the reservoir. The loss of sediment in released water changes substrate and channel 
dynamics, fi«quently resulting in a degrading channel (Hammad 1972). Increased light 
penetration and exposure of coarse substrates may resuh in increased autotrophy, with a 
variety of potential consequences for higher trophic levels (Voelz and Ward 1991). This 
process essentially resets many biotic and abiotic characteristics, often making the conditions 
immediately downstream firom dams similar to headwater areas. Fish and other aquatic 
organisms adapted to conditions prior to alteration are then regionally extirpated because 
they are not well suited to their newly created environment. The result is a loss in species 
richness and this effect could help explain the large differences in richness observed between 
the inter-reservoir and channelized units. 
The above ideas give an explanation for general differences in species richness along 
the Missouri and lower Yellowstone Rivers, but they do not provide detailed insight into 
defining the community structure. Certainly there are many influences on lotic fish 
community structure (Schoener 1987), but flow appears to be an important abiotic &ctor in 
these systems (Poff and Allan 1995). Additionally, flow probably reflects differences in other 
fectors including thermal regime (Coon 1987) and habitat stability and availability (Bain et aL 
1988) thereto providing a reasonable gauge to define fish community structure. 
Poff and Allan (1995) documented connnunity structure patterns in several smaU 
streams that were consistent with theoretical predictions of more trophic generalists and 
tolerant qpecies in hydrobgicalfy variable environments (sensu Poff and Ward 1989). Here, 
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we examined one continuous system where the overall differences in flow characteristics can 
be subtle, making it di£Bcuh to identify one unit as more variable than another. However, we 
can still use these units as a foundation for conqiarisons among fish communities. 
An alternative to evaluating riverine fish communities solely on flow variability may 
be assessment of the degree of aheration to the flow regime as an aggregate descriptor of 
flow and environmental variability. Zanqsella and Bunnell (1998) found that fish assemblage 
changes were associated with gradients of watershed disturbance in New Jersey Pineland 
streams. On the Missouri and lower YeUowstone Rivers, Galat and Lipkin (2000) reported 
that the degree of aheratk>n was moderate for fk)ws in the unchannelized reaches, high in the 
inter-reservoir and upper portion of the UC imh, then declined to a more moderate level 
proceeding downstream. Fk)ws through the inter-reservoir units are much different than 
prior to aheration and typically have very little variatk>n on an annual scale compared to the 
natural hydrograph that typically has periods of high flow in the spring and k>wer flows in late 
fall and winter (Chapter 2; Hesse and Mestl 1993). So, using degree of aheration as a 
measure of change in flow regimes for each unit, as a replacement to flow variability, we 
might predict that the inter-reservoir and UC units woukl consist of more generalists and 
species not well adapted to the pre-aheratwn condhnns due to their higher degree of 
aheration (sensu Poff and Ward 1989). Our resuhs provide some support for this hypothesis 
because we dkl find significant decreases in pioportun of &st vek)city preference and shape 
fiKtor values, coupled with an increase in proportion of sk>w vek)city preference species with 
increased flow aheratun. This suggests that species from units with higher degrees of 
aheratwn tend to be deeper bodied and not well suited for more natural flow regimes that still 
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exist to some extent in the extreme units. This also suggests a shift away from the large river 
life-history traits such as a large proportion of high velocity preference and high shape &ctor 
values found in the nearby unchannelized units. Additionally, the lower percentage of large 
river species in the inter-reservoir units, especially in the IR-1 unit, suggest fish communities 
that are not similar to riverine communities found elsewhere in this system, fiirther supporting 
our hypothesis. 
We can also use this gradient of aheration to identify dififerences among other flow 
units. For example, the unchannelized units dififer from the other units because they have a 
large component of herbivores and fiist velocity preference individuals that are not present 
elsewhere (Figure 4). While these dififerences are probably due to many &ctors including 
longitudinal gradients of fimctional group and species zonation, we can nonetheless identify 
these unique communities based on their flow characteristics. 
Fish communities from the channelized units are also quite different beyond the 
aforementioned richness and abundance dififerences. Gizzard shad were the most abundant 
species which strongly contnbuted to the diffimnces in swim frictor (Table 4). Swim frictor 
was significantly lower in these two units implying an ability for sustained swimming which is 
characteristic of many pelagic species (Wooton 1990). 
The inter-reservoir units are most strongly influenced by flow alteration along the 
Missouri River (Galat and Lipldn 2000; Chapter 2) and changes in morphobgical, functional, 
and life-history characteristics were most pronounced through this portion of the river. For 
example, there were no m^r changes in propoitions of any functional characteristic between 
the two unchannelized units and between the two channelized units (Figure 4 and 5). Most 
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of the major changes occurred in transition into and out of the inter-reservoir units located in 
the highly impounded middle portion of the river. An arti&ct of reservoir influences is the 
introduction or increased abundance of more lacustrine fish populations. The impact of these 
lacustrine fish species on riverine fish communities is not currently known. Many of the 
species found in this part of the river were deeper bodied individuals like freshwater drum 
and river carpsuckers or slow water velocity preference species like yellow perch Perca 
flavescens. which makes them less adapted to maintaining their position in swift currents 
associated with spring fbws in the upper and k>wer units. 
Patterns in tolerance to sik and turbklity are two interesting variables because they 
have a very different meaning on the Missouri River compared to the small streams where 
these metrics were first devebped. In small streams, sih and turbklity are generally 
associated with stream degradatk)n (Karr et al. 1986), but prior to aheratran the Missouri 
River was extremely turbkl and sih laden (Funk and Robinson 1974). Presumably, most of 
the endemK fish species in the Missouri River system wouM be adapted to and tolerant of sih 
and turbklity. Our data support this presumptk)n with both metrics indkating that fish 
communities fit>m all units had &irly high tolerances, but tolerance to sih showed a slight 
decline moving downstream; whereas, tolerance to turbklity increased moving downstream 
(Table S). In the context of the Missouri River system then, these two metrics are probably 
not as vahiable in describing differences among communities as they may be in smaller 
streams or less turbkl large rivers. 
We have generally discussed diflferences in fish community structure among the 
unchannelized, inter-reservoir, and channelized zones rather than qwcific units to this point. 
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The main reason for this is that these differences reflect the large-scale aherations found 
throughout the Missouri River system and community differences were readily identified. 
There were, however, distinct differences among some units within these larger scaled zones. 
The IR-I and IR-Il units exhibited large differences in several of the measures we present, 
especially the differences in proportion of general and benthic invertivores and velocity 
preference (Figures 4). However, differences between the UU and UYS units and the UC 
and LC units were less obvious with no large shifts in proportion of functional groups for 
either set of flow units. Our ordination did show some separation between the UC and LC 
units, but the unchannelized units were nearly identical (Figure 2). 
Pegg and Pierce (Chapter 3) concluded that flow regimes in the uppermost and 
lowermost portions of the river exliibit some similarities. Galat and Lipkin (2000) reported 
similar resuhs showing that amount of hydrological aheration was lowest in these portions of 
the river as well Since we were attempting to identify fish community relationships with 
flow regime, we might have expected some community similarities among upper and lower 
portions of the river, mirroring the flow resuhs. We found, on the contrary, a low similarity 
(Table 3) and quite different functional and life-history patterns (Tables 4 and S) between the 
upper and lowermost units so this hypothesis was not clearly supported. It appears that the 
community patterns we found reflect a combination of effects: natural river zonation patterns, 
blockage of migration due to dams, as well as a variety of changes in fk>w regime and other 
environmental effects of human aheration. 
Large river systems are nature in limited supply, and unfortunately there remain 
even fewer unaltered large river systems (Benke 1990) to use as controls for evahiating the 
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effects of human aheration. The imperative to rigorously evaluate these effects remains, 
however, and novel approaches (e.g., Simon and Emery 199S) will be required to overcome 
the limitations inherent in conventional statistical approaches. Comparison of communities 
from sites within a single river system, as we have done here, will be the only practical 
approach in many situations. By quantifying how flow conditions currently differ among 
portions of the river, as we have done previously (Chapter 3), relating flow conditions to 
alteration in some portions of the river (Galat and Lipkin 2000: Chapter 2), and 
demonstrating community differences among these areas, as we have done here, we believe 
we have demonstrated not only relationships of the fish community with flow characteristics, 
but some likely consequences of human alteratmn of the Missouri River system. 
The clearest pattern in our results was the distinction of communities in the 
channelized portion of the river bek)w the mainstem reservoirs from all parts of the Missouri 
and lower YeUowstone Rivers. This distinction was due in large part to the higher species 
richness found in the channelized portion of the river. Our data also suggest the 
morphok>gical, fiinctional, and life-history structures in the inter-reservoir units consist of 
more generalist species which supports our prediction of increasing generalists with an 
increase in the degree of alteration for each flow unit. 
Few studies have assessed the fimctional organizatmn of fish communities in a large 
river system as we have done here. Our data provide some evidence that fish communities 
are linked to flow regimes, but that other, and possibly greater influences including the 
tongitudinai zonation of qiecies, eflfects of dams bk)cking migratnn, and other human 
alterations are important as well While there is a continuing concern to klentify community 
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patterns as they relate to environmental conditions (Matthews and Heins 1987), identifying 
these patterns in a large river system will be a major challenge for stream ecologists. 
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APPENDIX 1. MORPHOLOGICAL, FUNCTIONAL, AND LIFE-HISTORY 
CHARACTERISTICS FOR FISH SPECIES CAUGHT ALONG THE MISSOURI 
AND LOWER YELLOWSTONE RIVERS 
Table 1. List of 106 fish species collected from the Missouri and lower Yellowstone rivers 1996-1998. Included are the adjusted total catch by 
each flow unit, life-history, functional, and morphological characteristics, and large river (LRS) classifications for each species. See text and 
Table 2 for variable description and names. 
SKCia UYS UU 
VkmUmm 
Ift-I mu uc LC AM LM ML LS MC fC WC GtO CUR SUB SPS SLT TUB SWM SHP LRS 
00 00 00 00 57499 47924 3 351 4*6 14 3tl044 0 16 1 • • 1 3 09 94 X 
53109 2M3 934 •96* 19 37 1 05 134 10 4974 3 9 1 9 1 05 49 X 
fii »ii ^ m m t \ i u  m y  »M4 5*4 1)0 3579 9 31371 1 101 1 0 1 9 3 5 1 1 1 04 61 X 
Wee Oepe*e, wpw lIMB fTt 1991 3997 7M7 •3B9 9 340 594 II 102766 0 3 3 9 5 1 1 1 04 16 X 
MM 1»»» 1«K)3 »• 335 1 4 10 75 no 4 t 1 9 4 4 1 1 X 
no • 0 39709 196 00 00 3 969 447 13 17000 3 4 9 3 06 71 
ViM ptorUMi imi •OS 91 117 3^ 63 1 40 135 9 •17 0 1 1 3 1 3 t 04 47 X 
0241 341S 3U5 7101 ia>6 •63 9 4 1 2 1 1 04 42 X 
a—IQ^^Iii^n lyiiPiw 1 M7 1900 «5 776 4941 6510 4 9» 976 14 79n 9 1 3 2 5 7 1 1 06 6 7 X 
imtm 133)1 HOI 141 1230 07 100 3 41 too 4 3910 1 9 1 1 9 1 05 *7 X 
riiBinilCa».Cjpi—•— IMI 1903 1220 3947 3nB 2921 2 379 i m  30 1133000 0 1 3 4 5 7 1 1 05 16 X 
US 413 $»} 335 3 00 00 6 260 m  10 60133 1 3 3 1 3 3 1 3 05 49 
«S0) IM7 1151 M7 1067 1360 7 615 •59 95 35000 0 1 4 1 1 3 3 1 02 116 X 
no 1X31 41 \ *^  4313 1343 4 142 Ml 17 373000 0 3 4 9 4 • 1 1 05 95 X 
00 00 44 00 in« 656 3 1 90 90 9 190 2 9 9 4 5 2 1 1 05 91 X 
I, 1 1,11 970 INT 90} 123 5 «9« 99 i 990 wtO 9 30935 1 3 4 2 2 3 9 1 05 41 
QiAaA. OBfMiM 4gp*«MW 3 156 640 10 99507 0 1 2 9 2 3 1 2 05 97 
903 09 357 7 Ml • 9 15 1 41 74 3 955 1 9 2 1 3 7 ( 1 03 51 
MMi CM, MMb 1340 1995 00 •10 40 471 3 41 109 4 1 1 1 9 1 0 5 64 X 
Wiiiiiiri^li.^l 1 00 00 00 00 IB13 Ml 5 4i5 1410 19 9100 9 1 5 2 5 7 1 1 OS • 1 X 
31SS I63« 51 136 00 00 3 74 n9 5 560 1 3 4 1 3 3 3 3 05 69 
SHMB SUWMVrfwt •40 •91 111 536 556 310 5 111 410 13 33500 1 2 5 2 5 3 1 1 04 6 7 X 
ftiw SIm; Ai«M[pw MMUM 00 00 00 00 3495 69I J 51 153 5 3500 3 1 3 1 9 3 1 05 50 X 
00 00 0« 00 3926 04 1 47 196 4 56 1 1 1 1 3 7 1 1 04 ^4 
t^WBSe leecfwfcew 00 00 oo 00 906 3341 3 103 304 9 19223 1 3 19 5 5 2 3 05 26 
IpoMi Saw, AHIMIIM 131 1104 MO 5(5 40 00 3 66 n7 9 1614 0 9 19 3 1 3 3 05 40 \ 
i«r— M4 941 431 ni 671 37 5 194 790 14 •3700 1 3 5 2 5 7 2 2 05 
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Table 1. Morphological, functional, and life-history characteristics used in the analysis of fish 
communities in the Missouri and lower Yellowstone rivers. Variables, scoring data finm 
Winemiller and Rose (1992), Poff and Allan (1995) and unpublished data. 
Continuous Characteristics 
Shape Factor (SHP) 
Ratio of total length to maximum body 
depth 
Swim Factor (SWM) 
Ratio of minimum depth of caudal 
peduncle to the maximum caudal fin depth 
Mean Clutch Size (MC) 
Mean number of eggs for population at 
mid-point of latitudinal range 
Length at Maturity (LM) 
Total length at maturation (mm) 
Age at Maturity (AM) 
Mean reported age at maturation (yr) 
Longevity (LS) 
Maximum reported age in years (yr) 
Maximum Length (ML) 
Reported maximum total length (mm) 
Parental Care (PC) 
Range of parental care from 0 (no care) to 
8 (intense care) 
Categorical Characteristics 
Current Preference (CUR) 
1. Fast 
2. Moderate 
3. Slow-none 
4. General 
Tolerance to Sih (SLT)/Turbidity (TRB) 
1.High 
2. Medium 
3. Low 
Substrate (SUB)/Spawn Substrate (SPS) 
1. Cobble 
2. Gravel 
3. Sand 
4. Sih 
5. General 
6. Vegetation 
7. Structure (e.g., dead&Us) 
8. Pelagic 
Water Column Preference (WC) 
1. Benthic 
2. Epibenthic 
3. Pelagic 
Trophic Guild (GLD) 
1. Herbivore 
2. Omnivore 
3. General Invertivore 
4. Benthic Invertivore 
5. Piscivore 
6. Planktivore 
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Table 2. Correlations of adjusted species abundances with dimension scores from the MDS 
of fish communities in the Missouri and lower Yellowstone Rivers. Species that comprised > 
1% of the total catch are included with proportions listed in parentheses. 
Dimension 1 Dimension 2 
Species r P  r  P  
Gizzard Shad (19) -0.38 0.46 0.41 0.42 
Flathead Chub (16) 0.29 0.25 0.63 0.01 
Emerald Shiner (13) -0.58 0.02 0.16 0.56 
River Carpsucker (6) -0.35 0.15 0.12 0.62 
W. Silvery Minnow (5) 0.69 0.31 0.11 0.89 
Longnose Sucker (4) 0.24 0.44 -0.49 0.10 
Plains Minnow (4) -0.76 0.45 0.71 0.50 
Goldeye (4) 0.31 0.22 0.22 0.37 
Channel Catfish (4) -0.51 0.03 0.33 0.18 
Sturgeon Chub (3) 0.24 0.34 0.51 0.03 
Common Carp (2) 0.08 0.76 0.10 0.69 
White Sucker (2) 0.36 0.23 -0.53 0.07 
Shovelnose Sturgeon (2) 0.06 0.82 0.37 0.13 
Freshwater Drum (2) -0.71 <0.01 -0.21 0.41 
Red Shiner (2) -0.55 0.20 0.30 0.51 
Shorthead Redhorse (1) 0.27 0.29 0.32 0.21 
Quillback(l) 0.56 0.33 -0.57 0.32 
Fathead Minnow (1) 0.54 0.04 -0.48 0.08 
Sicklefin Chub (1) 0.37 0.17 0.45 0.09 
Flathead Catfish (1) 0.18 0.74 0.61 0.20 
Longnose Dace (1) -0.74 0.01 0.64 0.04 
Sauger (1) 0.12 0.65 0.35 0.16 
River Shiner (1) 0.51 0.30 -0.89 0.02 
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Table 3. Fish community similarity (%) among and within flow variability units in the 
Missouri and lower Yellowstone Rivers. Data analyzed were adjusted species abundances 
collected in 1996-1998. W^thin-unit similarity conqrares the communities among years. See 
text for description of flow variability units. 
Within-Unit 
UYS UU IR-I IR-Il UC LC Similarity 
Unchannelized 
Yellowstone 
(UYS) 100 78 
Upper 
Unchannelized 
(UU) 74 100 84 
Inter-Reservoir I 
(IR-I) 56 60 100 72 
Inter-Reservoir II 
(IR-II) 67 69 64 100 69 
Upper Channelized 
(UC) 46 47 43 42 100 79 
Lower 
Channelized 
(LC) 43 42 34 37 71 100 76 
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Table 4. Mean morphological and life-history characteristics with continuous measures for 
each flow variability unit in the Missouri and lower Yellowstone River identified in Figure 1. 
Significant di£krences (P < O.OS) among units were detected for each characteristic except 
life span. Means sharing common superscripts are not significantly different. Numbers in 
parentheses are standard errors. The units are arranged longitudinally fix)m upstream (left) to 
downstream (right). 
UYS UU IR-I IR-II UC LC 
Shape 5.4*^ 5.6'^  6.2' 4.9" 4.8" 4.6" 
Factor (0.3) (0.2) (0.2) (0.3) (0.2) (0.2) 
Swim 0.48' 0.47* 0.55" 0.46' 0.42* 0.4 r 
Factor (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) 
Mean 35,333' 38,153' 51,742' 165,098" 171,145" 193,631" 
Clutch Size (25,229) (30,355) (25,391) (65,417) (26,142) (27,171) 
Length at 150* 140* 321" 209" 240= 258"= 
Maturity (26) (26) (17) (27) (16) (18) 
Age at 2.0* 1.7* 4.7* 2.7- 2.2' 2.4' 
Maturity (0.3) (0.3) (0.2) (0.3) (0.2) (0.2) 
Maximum 389^ 307* 507* 546" 427-. 494" 
Length (46) (44) (31) (59) (40) (44) 
Lifespan 10.3 8.4 11.8 11.8 10.0 11.8 
(1.1) (1.2) (0.8) (1.2) (0.8) (0.9) 
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Table 5. Mean and median life-history characteristics with categorical measures for each 
flow variability unit in the Missouri and lower Yellowstone Rivers identified in Figure 1. 
There were significant (P < 0.05) unit effects for all characteristics. The top number is the 
mean and the bottom number is the median with the associated 25 and 75 quartiles in 
parentheses. The units are arranged longitudinally firom upstream (left) to downstream 
(right). 
UYS UU IR-I IR-II UC LC 
Trophic 2.6 2.4 3.2 2.9 3.6 3.6 
Guild 3 (2-4) 3 (2-4) 3 (2-5) 4 (2-5) 4 (2-5) 4 (2-5) 
Silt 1.7 1.6 1.2 1.4 1.2 1.2 
Tolerance 2(1-2) 2(1-3) 2(1-3) 1(1-2) 2(1-2) 2(1-2) 
Turbidity 1.1 1.0 1.5 1.2 1.4 1.5 
Tolerance 1 (1-2) 1 (1-2) 1 (1-2) 1 (1-2) 1 (1-2) 1 (1-2) 
Water 1.8 2.1 2.0 1.8 2.2 2.1 
Column 2(1-3) 2(1-3) 2(1-3) 2(1-3) 2(1-3) 2(1-3) 
Parental 0.9 0.4 1.0 0.8 0.4 0.5 
Care I (0-3) 1 (0-2) 1 (0-3) 1 (0-1) 1 (0-3) 1 (0-3) 
Current 1.7 1.8 2.9 2.5 2.5 2.6 
Preference 3 (2-3) 3 (2-3) 3 (2-3) 3 (2-3) 2 (2-3) 3 (2-3) 
Substrate 3.4 3.6 3.2 3.5 4.4 4.7 
Preference 4 (2-5) 5 (2-5) 4 (2-5) 4 (2-5) 4 (2-5) 4 (3-5) 
Spawning 3.6 3.1 2.5 3.6 3.5 3.7 
Substrate 3(2-6) 2(2-6) 3(2-6) 3(2-6) 5(2-7) 3(2-7) 
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List of Figures 
Figure 1. Location of flow variability units on the Missouri and lower Yellowstone Rivers. 
Flow units include Upper Unchannelized (UU), Unchannelized Yellowstone (UYS), Inter-
Reservoir I (IR-I), Inter-Reservoir 11 (IR-II), Upper Channelized (UC), Lower Channelized 
(LC). Inset shows location of the Missouri River basin within the United States. 
Figure 2. MDS ordination of fish community data by flow variability unit in the Missouri and 
lower Yellowstone Rivers (stress = O.OS). Each alphanumeric data points represent the flow 
variability unit acronym shown on Figure 1 and the year of coUectioa Solid lines encompass 
group-average Bray-Curtis similarities of > 60% and the dashed lines encompass similarities 
> 70%. Species whose abundances were significantly correlated (P < O.OS) to each 
dimension are included. Signs in parentheses indicate direction of correlation 
Figure 3. Mean species richness (bars) and percent composition of large river species 
(Pflieger 1989) (squares) for each flow variability unit in the Missouri and lower Yellowstone 
Rivers fivm Figure I. Hydrologic units are generally arranged upstream (left) to downstream 
(right). Numbers in parentheses are adjusted total sample sizes. 
Figure 4. Percent composition for each (A) trophic guild and (B) current preference by flow 
unit in the Missouri and lower YeUowstone Rivers (Figure 1). Percentages were calculated 
using all data collected over the three years of study. The units are longitudinally ordered 
from iqtstream (left) to downstream (right). 
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Figure S. Percent con^Msition for (A) substrate preferences and (B) spawning substrate 
preferences by flow unit in the Missouri and lower Yellowstone Rivers (Figure 1). 
Percentages were calculated using all data collected over the three years of study. The units 
are longitudinally ordered from upstream (left) to downstream (right). 
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CHAPTER 5. GROWTH RATE RESPONSES OF MISSOURI AND LOWER 
YELLOWSTONE RIVER FISHES TO A LATITUDINAL GRADIENT 
A paper to be submitted to the Transactions of the American Fisheries Society 
Mark A. Pegg and Clay L. Pierce 
Abstract. Growth is an inq)ortant element of fish popuJation assessment and 
management. Several studies have shown that the length and quality (cumulative degree-
days) of the growing season is negatively correlated to latitude and that individual fish may 
need a flexible growth capacity to compensate for a shorter growing season at higher 
latitudes. We estimated specific growth rates for channel catfish Ictalurus ounctatus. emerald 
shiners Notropis atherinoides freshwater drums Aolodinotus crunniens. river carpsuckers 
Carpiodes camk). and saugers Stizostedion canadense collected in 1996-1998 for nine river 
sectk>ns throughout the Missouri and tower YeUowstone Rivers to assess spatial trends at 
two life-stages (young-of-the-year and aduk). Growth rates for most species were typically 
significantly different (P < O.OS) among sections but showed no river-wide latitudinal trend 
with the exceptkm of aduh emeraU shiners that did show a negative relation. However, 
trends similar to those of emerakl shiners do appear likely for the other species on a regional 
scale. Our results suggest that understanding growth rate responses to latitude ak>ng the 
Missouri River ate complex and couki have large inopacts on the management and 
conaervatwn of fish communities in this altered system. 
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iBtroduction 
Fish growth is a fundamental and often critical element of &h population assessment 
(Jearld 1983; Summerfelt and Hall 1987; Chambers and Miller 1995), and many biotic and 
abiotic &ctors can effect growth rates. Among these &ctors, water temperature is an 
influential conqwnent of growth in fish populations (Picard et al. 1993; Dutta 1994; 
Oxenford et al. 1994; Radtke and Fey 19%). Because there can be a large thermal gradient 
fi'om higher to lower latitudes within the geographical range of any species, there is a 
potential for differences in growth rates among populations. Several studies have made 
comparisons of physiological responses, including growth rates, to latitudinal variation on 
fish and other aquatic organisms (Conover and Present 1990; Mina 1992; Conover and 
Schuhz 199S; Gudkov 1996; Schultz et al. 1996; Parsons 1997; Brown et al. 1998). Some of 
these studies suggest that fish obtain larger sizes in lower latitudes (Carlander 1969,1977; 
Modde and Scalet 1985), with the idea that these areas provide more opportunity for growth 
due to longer growing seasons. Conversely, others have reported lengths comparatively 
equal to or greater in populations fix)m higher latitudes than their k>wer latitude counterparts 
implying fiister growth rates to compensate for the shorter growing season (e.g., Isley et al. 
1987; Conover and Present 1990). 
A flexible capacity for growth may aUow a species to counteract negative 
environmental influences like bwer water temperature and a shorter growing season. This 
conq)ensatk>n acts in the reverse directwn of (or counter to) phenotypic expresswn and has 
been aptfy termed '*countergradient variatwn" (CnOV) by Levins (1969). Countergradient 
variatun has been reported for estuarine zoopbnkton and invertebrates (Dehnel 1955; 
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Levinton 1983; Levinton and Monahan 1983; Lonsdale and Levinton 1985), amphibians 
(Berven et al. 1979), marine fish (Leggett and Carscadden 1978; Conover and Present 1990; 
Present and Conover 1992), and to a limited extent freshwater fish (Isley et al. 1987; Power 
and McKinley 1997). Here, CnGV meant these organisms put energy towards body growth 
over the same temperature range regardless of geographic location, but growth rates were 
higher to conqwnsate for the shorter growing season at higher latitudes. Some studies even 
reported that higher latitude fish attain larger sizes than their lower latitude equivalents in the 
first year of life (Conover and Present 1990; Mina 1992). This may be a function of over­
winter, size-selective mortality, because smaller sized individuals may not survive the winter 
months due to the lack of food storage reserves present in larger individuals (Mina 1992). 
Oliver et al. (1979) reported that larger smallmouth bass Micropterus dolomieu had higher 
first winter survival rates over the northern part of their distributional range. Likewise, 
Conover and Present (1990) reported similar results for Atlantic silversides Menidia menklia 
where higher latitude indivkluals grew at least two times &ster to attain the same or larger 
lengths. 
Most research focusing on latitudinal patterns in fish growth comes fix>m marine and 
estuarine systems (Leggett and Carscadden 1978; Conover 1990; Present and Conover 1990; 
Conover and Present 1992); whereas, freshwater fish have generally not been studied 
specifically for evklence of latitudinal patterns across their geognq[>hic range. Our data from 
a study on the Missouri and tower YeUowstone Rivers do provkle an opportunity to examine 
tongitudinal patterns of growth for several freshwater fish species that come from different 
plq^k)genetic groups and varying life histories. Studying species from varying backgrounds 
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provides insight into the broad evolutionary trends that exist in an ecosystem (Conover 
1990). Our objectives were to 1) determine area specific growth rates for five fish species 
from the Missouri and lower Yellowstone Rivers (channel catfish Ictalunis punctatus. 
emerald shiners Notroois atherinoides. freshwater drums Aolodinotus eninniens. river 
carpsuckers Camiodes caroio. and saugers Stizostedion ^na^gnsg), 2) test for differences 
among these growth rates, and 3) determine if there is evidence supporting the CnGV 
phenomenon for these five species. 
Methods 
Fish and Body Structure Collection 
The goal of our sampling design was to quantitatively characterize fish growth 
throughout the river system. Our sampling protocol divided the river into several spatial 
scales using a hierarchical framework (Frissell et al. 1986; Hawkins et al. 1993). We 
collected fish from 17 segments k}cated throughout the riverine portions of the Missouri and 
lower Yellowstone Rivers during the late summer and early fall in 1996-1998. However, 
because segment growth data were limited for several of the five species, we focused our 
growth rate analyses on making comparisons among nine sections, the next higher level 
within the framework (Figure 1). Sanq>Ung gears used included boat electrofisher, beam 
trawl, bag seine, stationary gill net, and drifted trammel net. Complete details and rationale 
for sampling design, sanqsling procedures, data processing, and quality assurance are 
reported in Si4)pington et aL (1998). 
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We collected a variety of calcified structures to determine growth rates from these 
five species following established methods (Busacker et al. 1990; Devries and Frie 1996). 
Scales were collected for emerald shiners and river carpsuckers, otoliths were collected for 
freshwater drums and saugers, and pectoral spines were collected for channel catfish. We 
foUowed standardized procedures to prepare each body structure (Jearld 1983; Pegg et al. 
1998) and made inter-annual measurements using an image analysis system. Our growth rate 
estimates required some informatk)n on back-cakulated lengths at prior ages so we used the 
Fraser-Lee method to back-cateulate lengths at age for river carpsuckers and emerald shiners 
(Busacker et al. 1990). We used mean inter-annual distance measurements on five scales 
from each indivkiual and cateulated the intercept by regressing scale radius on length at 
capture. For channel catfish, freshwater drums, and saugers, we used the direct proportion 
method (Devries and Frie 1996). 
Growth Rate Estimatk)n and Comparison 
Energy is more readily put towards growth in the first year of life compared to later 
years when growth is confounded by other energy demands like gamete productk)n 
(Busacker et al. 1990). Therefore, we placed each individual into one of two life-stage 
groups that reflected more homogeneous growth: 1) young-of-the-year (yoy) and 2) age-1 
and oUer indivkluals (aduk) for each species. 
Our sampling efforts provkled an opportunity to catch fish durii^ the growing s^uon 
throughout the river so we feh it ^ropriate to estimate growth rates from increases that 
occurred during our saii4)ling period rather than from estimates based on back-cak:ulatk>n. 
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Calculating growth rates over the standardized sampling period was also advantageous 
because we had clearly defined begin and endpoints. This aspect of our rate assessment was 
beneficial because identi^dng the precise date of hatch or annulus formation as a growth 
boundary criterion has been difficult to accurately assess (Machias et al. 1998). 
We first estimated species specific growth rates for each life-stage and section. 
Growth for each individual was calculated as the difference between total length at capture 
and the back-calculated estimate of length at the start of the growing season (sensu Liao et 
al. 1995). Conceptually, the growth rate for each section was then estimated by regressing 
the growth increment data on date of capture during our standardized sampling period 
(Figure 2). The slope of the regression in Figure 2 is 1.17 mm/d which could then be used 
for conqMirisons among the other sections. Our analyses followed this idea, but the actual 
growth rates were calculated in a slightly different manner. We used analysis of covariance 
(ANCOVA) to simuhaneously estimate slopes of growth on date for all sections (covariate) 
using the GLM procedure in SAS (Littel et al. 1991). We also used length at the start of the 
growing season as a second covariate for the adult life-stages to account for size related 
differences in growth. These slopes, while still reflecting the relative growth rate in each 
section, are refinred to as growth rate coefiBcients. Next, we tested for differences among 
growth coefiBcients using a test for heterogeneity of slopes (Littel et al. 1991). 
We then attempted to identify statistical^ significant trends in growth coefficients 
with several mdependent variables that reflected a bngitudinal gradient on the Missouri and 
lower Yellowstone Rivers. These variables included mean sampling latitude, cumulative 
degree-day, and length of growing season. Mean sampling latitude for each section was 
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determined by calculating the mean latitude from all sampling locations within a section. We 
obtained unpublished water temperature data from several water treatment &cilities, state 
agencies, and the U.S. Army Corps of Engineers to calculate cumulative degree-days and 
length of growing season for each section. We then followed methods by Allan (1995) to 
calculate cumulative degree-days above a threshold temperature of lOX which encompassed 
the majority of the growing season for the five species studied. Similarly, we calculated 
length of growing season as the number of days in which water temperatures were above 
i(yc. 
Results 
Length of growing season declined by 27% and cumulative degree-day decreased by 
39% from the uppermost to the lowermost sections. Likewise, both degree-day and length of 
growing season for each section had a strong negative correlation to latitude (Figure 3) 
indicating that the overall thermal potential decreases with an increase in latitude. Our 
findings made from analyses using any of the three variables were similar when making large-
scale comparisons due to this high correlatwn. Therefore, we predominantly present 
latitudinal comparisons to reduce confiisran. 
Growth Coefficient Estimates 
We tested for year effects on the growth coefficients and found significant { P  < 0.01) 
among year effects within all species and life-stage categories and thus couM not combine 
data from all three years. The resulting growth coefficients are summarized for each species 
113 
in Table 1. The negative values shown for some species and sections are largely an arti&ct of 
using the covariates in our analyses rather than indicating a negative growth response. 
Therefore, these estimates should be viewed as relative to growth rates identified in the other 
sections of the river system rather than absolute growth coeflScients. Generally, yoy growth 
coe£Bcients were higher than the adult life-stages for all species. Growth coefficients also 
tended to be lower in the areas influenced most heavily by reservoir activity (Sections 2,4, 5 
and 6; Figure 1; Table 1) across both life-stage and species. 
Channel catfish growth coefficients were estimable for nearly every section, life-stage, 
and year (Table 1). Coii^)arison of growth rates within sections for each year and life-stage 
were statistically different (P < 0.05) except for yoy estimates in 1996. The coefficients were 
quite variable among life-stages with the yoy coefficients having typically the highest rates in 
each section for any given year. The aduh estimates tended to fluctuate showing no visually 
identifiable trend establishing higher or lower coefficients in one area of the river over 
another. 
Growth coefficients were made for emerald shiners at most life-stages and they were 
significantly different (P < 0.05) among sections for most years (Table 1). Estimable 
coefficients in the upper sections of the river were somewhat limited especially for yoy over 
the three years of study. However, yoy growth coefficient estimates were generaUy higher 
than the adult life-stage. 
Growth rate estimates for fireshwater drums were sporadic in the upper river among 
the three sample years (Table 1). The lack of data fix>m the iqiper river generally precluded 
making any river-wkle comparisons for the yoy and aduh life-stages. However, there were 
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no discemable paneras among the yoy life-stage for a given year. Growth coefficients were 
quite variable for adults among the nine sections with only the 1997 estimates exhibiting 
significant differences {P < 0.05). 
River carpsucker growth coefficients were statistically different (P < 0.05) and quite 
variable among the nine study sections for most years and life-stages. When estimates were 
possible, Sections 5 and 6 tended to consistently have the lowest growth rate. Adult 
carpsuckers finm the k>wer YeUowstone River (Section 3) were among the &stest growing 
throughout the river. 
Sauger growth coefficients could not be estimated for many sections over the yoy life-
stage (Table I), and tests for differences among sections at either life-stage were largely 
insignificant (P > 0.05). The lack of estimates in many sections was predominantly due to 
low sample sizes, especially for the yoy fish and the 1996 sampling year. Adult sauger 
growth rates in the inter-reservoir sections tended to contradict the trend of k)wer growth 
observed in the other species analyzed. 
Latitudinal Comparisons 
We were able to compare growth rates among sections over an 11 degree gradient 
(Figure 1). Our river-wkle tests for latitudinal trends were somewhat inconclusive for four of 
the five species. While visual inflection of the data may suggest a slight increase in growth 
rates with an increase in latitude (Table 1), we generally found no statistically significant (P > 
0.10) latitudinal patterns in the growth coefficients of any life-stage for most species studied. 
However, growth coefficieiits for aduh emeraU shiners dki show a relation to latitude and 
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length of growing season (Table 1; Figure 4). Here, the trend was toward higher growth 
coefficients with an increase in latitude or shorter growing season. 
Discussion 
We found significant river-wide latitudinal trends only in adult emerald shiners which 
exhibited increased growth coefficients with higher latitudes along the Missouri and lower 
Yellowstone Rivers. This suggests that there is some evidence for a CnGV response in 
emerald shiners. However, we did not find any significant river-wide correlations in the other 
species studied. There are several explanations that could hinder identification of latitudinal 
trends. First, emerald shiners were the only species where we could consistently make 
growth rate estimates in most sections; whereas, consistent estimates for other species were 
restricted to localized regions. This is largely due to lower sample sizes in some of the upper 
and middle study sections and is especially prevalent in the yoy analyses for fivshwater drums 
and saugers (Table 1). Therefore, the paucity of data fix)m some sections could hinder our 
ability to detect a latitudinal gradient in growth coefficients. 
Emerald shiners were also the only relatively short-lived species we studied. This 
may indicate that differences in growth rates along a latitudinal gradient are more pronounced 
in short-lived species. Growth and growth rates are dependent upon several &ctors including 
an individuai's growth history. By this, we mean that future growth potential is dependent 
upon prior growth (Busacker et aL 1990). We collected few emeraU shiners beyond age-1 
over the course of this study, so it is reasonable that a majority of the growth potential an 
indivklual ennerakl shiner possesses is expressed in the first one to two years of life. 
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Conversely, the longer>lived species may have a decreased growth potential as they increase 
in both size and age (Busacker et al. 1990) thereby hiding growth rate differences in variation 
among individuals of different sizes and ages. A potential bias in growth estimation could 
result by not taking these ontogenetic shifts into conskleration. We did attenq)t to account 
for this by using length at the start of the growing season as a covariate in our analyses, but it 
is possfljle that this conrection did not renwve all size biases. 
Water management practices such as impoundment and channelization may have 
influenced growth rates of these fish species along the Missouri River system as well. We did 
not sample in the reservoirs (Sappington et al. 1998), but some fish were collected in 
tailwater areas inunediately downstream of dams. Sectk>ns 2,4,5, and 6 are all affected by 
impoundments in some manner (Chapter 2; Figure 1). Most of these dams are coldwater 
release facilities that force a localized reduction in the length and quality of the growing 
season in parts of these sectrans. Overall, a consistent latitudinal gradient does exist in both 
length of growing season and cumulative degree days (Figure 3). However, individuals that 
have been subjected to these bcalized coklwater releases may have k)wer growth rates than 
expected compared to other indivkluals within the same section. These differences could 
introduce a sizeable amount of variatwn within a sectwn thereto ck)uding any latitudinal 
trends at the spatial scale we used. Our study does support this theory with many of the 
k>west growth coe£Bcient estimates coming fix>m the in^undment influenced sectmns (Table 
1). 
ChanneUzatmnmay have also forced a shift in growth and other life history 
characteristics m a non>latitudinal manner. Hesse and Mestl (1993), Pegg et al. (Chapter 2) 
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and Galat and Lipkin (2000) reported that flows along most of the channelized portion of the 
Missouri River have been drastically altered from their pre-European settlement condition. 
Some of these changes include higher flow rates, reduced flow variability, and loss of slack 
water habitats for refugia suggesting a more extreme environment than was historically 
present. Living under these higher flow conditk)ns likely requires more energy to maintain 
fMsition in the river and to find food resources. This increased physiological demand can 
have an efiect on many life history characteristics such as a reduced age at maturity 
(Cardinale and Modin 1999), a younger age structure, and increased growth to attain 
maturity at an earlier age (Wedemeyer et al. 1990). We do not have site specific information 
on age at maturity for the Missouri River populations we studied, but the age structure was 
much younger and back-calculated lengths at age dkl tend to be higher in the channelized 
portion of the river for channel catfish, river carpsuckers, and saugers (Pegg et al. 1997) 
possibly in response to these extreme conditk>ns. Moreover, our higher growth coefficients 
for these species in the channelized portion of the river add support to the klea of fester 
growth rates in response to environmental conditk)ns which couU have disrupted the natural 
latitudinal gradient that may have once existed. 
Our results couU also be confounded tqr the k)ngitudinal gradient of the bk)k)gical 
communities ak>ng the Missouri River. Riverine species are highly mobile (Christenson and 
Blatzenbeler 1996; Pegg et al. 1997) which can inhibit klentificatkm of distinct populatk>ns 
via migratbns to other k>catk)ns. Most studies focusing on kititudinal growth responses used 
distinct populations or strains generally separated by large geographic distances (e.g., 
Conover and Present 1990; Power and McKinley 1997; Brown et aL 1998). Our study 
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focused on sites where the geographic separation and latitudinal differences between adjacent 
sections was relatively small (Table 1). Therefore, some interdependency among the fish 
populations along the Missouri River system is possible and could inhibit clearly identifying 
large-scale trends in growth coeflScients. 
While the above explanations describe reasons for the lack of detectable river-wide 
latitudinal trends in four of the five species we studied, it is possible that variability among 
individual growth rates was too high to detect any trends. Latitude, degree-days, and length 
of growing season are not the only variables that influence growth rates. Abiotic factors such 
as food availability, water velocities, oxygen levels, and biotic interactions in the form of 
intra- and inter-specific competition are also influential (Wootton 1990). For example, higher 
growth rates may be advantageous to high latitude populations, but not lower latitude 
populations due to physiological trade-of&. High growth rates require a large amount of 
food resources that are not constantly available in the lower latitudes so slower growth rates 
may prevail in response to fluctuating resources (Conover and Present 1990). Mina (1992) 
also proposed that smaller fish can better handle the lower oxygen levels that often occur in 
the lower latitudes as water temperatures rise. Therefore, growth rates are probably the 
resuh of a conqiromise between the adaptation to maximize growth in one environment and 
the possible poor physiological performance in other environments that may not adhere to a 
strict latitudinal trend in large, regulated river systems. 
Generally, we found few clearly defined river-wide latitudinal trends, but there does 
appear to be some regional patterns that support CnGV theory. This is most prevalent in the 
channelized portion of the river in sections 7,8, and 9 (Figure 1) for channel catfish, emerald 
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shiners, freshwater drums, and river carpsuckers (Tables 1). The latitudinal, growing season, 
and degree-day gradients are not relatively large among these three sections compared to the 
entire basin, yet growth rate estimates were consistently higher in section 7. Earlier, we 
aUuded to the fiict that management practices may cloud the overall resuhs when trying to 
detect system-wide trends. This may be true at a river-wide spatial scale but assessment at a 
regional level may provide insight into growth rates for areas with similar environmental 
conditions in intensely managed systems. Evaluating growth rates from populations that have 
been subjected to the same relative conditions over a latitudinal gradient may provide the best 
in situ perspective to detect evidence of counter gradient responses in large systems. The 
lower, channelized portion of the Missouri River provides such an opportunity and our 
results do suggest that growth rates are higher in the higher latitudinal reaches. 
Conover (1990) identified several implications of CnGV on biological organisms 
including the &ct that many of these organisms have more genetic variation in their capacity 
for growth than was originally thought. Determining life history traits such as the capacity 
for growth, as discussed here, is important beyond the evolutionary aspects of how organisms 
respond to their biotic and abiotic surroundings. Countergradient variation in life history 
characteristics can also have a serious impact on several disciplines within the fisheries 
community. For exanqile, selecting brood stocks from a particular population with a higher 
capacity for growth couU be advantageous in controlled aquacuhural settings. 
Methods used to manage commercial, sport, forage, and threatened or endangered 
species can also be afifiscted by CnGV. The effiscth/eness of transplanted or stocked fish, 
originalbr from other latitudes, will depeixl to some extent on their capacity for growth. This 
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is probably most important for restoration efforts on endangered or threatened species as 
stocking "mal-adapted" individuals can result in poor growth and survival. For example, if 
individuals originally from the lower latitude of a species' range are stocked in a location near 
the higher latitude extremes of its distribution, the capacity for growth may not be sufiBcient 
to overcome the shorter growing season. Several studies have reported size-selective, over­
winter mortality of yoy individuals as a catalyst for size differences among fish populations 
(Thompson et al. 1991; Hurst 1995; Kiijasniemi and Vahonen 1997). The basic theory is 
that as the length and severity of winter increase, it is crucial for fish to reach a larger body 
size to build and maintain fiit reserves. Therefore, attempts at stocking fish without the 
capacity to fully utilize a shorter growing season may result in a population that cannot 
become well established or survive because they cannot physically cope M^h the extreme 
winters in higher latitudes. As more species become threatened in the Missouri River system, 
as well as in other lentk and k>tic systems, the effects of life history differences throughout a 
species' range will require consideration to properly conduct conservation and restoration 
efforts. 
Assessing growth rates and other physiobgical responses to latitudinal gradients is 
emei^ing as an inqmrtant aspect in our understanding of fisheries ecok>gy (Conover 1990). 
Maiqr fectors can nifluence fish growth rates, confounding detectk>n of the CnGV 
phenomenon. Despite these proUems, we did find some evidence of a correlation between 
growth rate and latitude, albeit at a more regional scale in four of the five species studied. 
The evohitwnary background of these species are quite diverse suggesting that this response 
goes beyond a single pfayk>genetic line. Likewise, the impact of CnGV is quite complex and 
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could have far reaching effects on how we perceive and manage fish and other aquatic 
organisms. As we gain more insight into how organisms respond to latitude and length of 
growing season, we will also advance our knowledge into the evolutionary and ecological 
significance of this phenomenon. Accordingly, controlled experiments are needed to further 
elucidate differences in growth rates on the Missouri and lower Yellowstone Rivers. 
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Table 1. Mean latitude, cumulative degree-day, length of growing season, and growth 
coefBcient estimates for five fish species collected throughout the Missouri River basin. Each 
estimate represents relative growth rates within each sample section. Species specific 
coefBcients are given for young-of-the-year (yoy) and age-1 and older (adult) life stages. 
Length variability was accounted for in the aduh estimates using length at start of the 
growing season as a covariate. An asterisk (*) indicates the growth coefficients for each 
section were different {P < 0.05) within a given year. Estimates highlighted in bold are 
significantly different fi-om zero (P < 0.05). Sections are arranged from upstream (left) to 
downstream (right). 
Section 1 2 3 4 5 6 7 8 9 N 
Mean 
Latitude 47.4 48.0 47.4 47.6 46.9 42.5 41.2 39.2 38.5 
Cumulative 
Degree-
Day 2783 2800 3141 3005 3892 4197 4729 4579 
Growing 
Season (d) 169 166 173 172 197 207 222 233 
Growth CoclllcicBt Estimates 
Channel 
Catfish 
(yoy) 
1996 
1997» 
1998* 
0.37 
0.78 
-0.40 
0.34 
0.35 
0.55 
— 
1.92 
0.70 
0.48 
0.18 
0.92 
0.95 
0.45 
0.46 
0.81 
0.51 
0.34 
0.58 
291 
325 
327 
Channel 
Catfish 
(aduh) 
1996* 
1997« 
1998* 
0.85 
0.02 
0.25 
0.56 
0.02 
0.10 
0.90 
0.12 
0.52 
3.55 
0.30 
0.40 
-0.22 
-1.29 
0.70 
0.48 
0.05 
1.27 
0.83 
0.53 
0.22 
-0.20 
-OJO 
0.29 
0.22 
-0.01 
191 
680 
635 
Emerald 
Shiner 
(yoy) 
1996* 
1997 
1998* 
•0.46 
0.21 
0.21 
-0.17 
0.19 
— — 0.22 
0.31 
0.14 
0.64 
0.52 
0.25 
0.21 
0J2 
0.45 
0.14 
0J7 
0.15 
821 
737 
583 
Emerald 
Shiner 
(aduh) 
1996* 
1997* 
1998* 
0.12 
0.21 
0.12 0.05 
0.22 
0.18 
0.27 
0.05 
0.22 
— 0.11 
0.13 
0.09 
0.11 
0.23 
0.04 
-0.17 
0.10 
0.13 
-0.50 
-0.09 
194 
846 
697 
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Table 1. (continued) 
Section 1 2 3 4 5 6 7 8 9 N 
Freshwater 1996* _ 2.52 1.81 3.66 0.37 0.77 274 
Drum 1997* 1.14 3.08 0.75 0.19 526 
(yoy) 1998* 0.96 — — 0.91 0.63 1.13 1.21 491 
Freshwater 1996 0.17 _ _ _ 0.44 0.38 0.30 0.43 205 
Drum 1997* 0.29 1.37 — -0.90 0.21 0.99 0.05 0.04 497 
(adult) 1998 0.10 0.01 0.32 0.77 0.11 0.02 0.17 0.07 393 
River 1996 0.23 0.50 1.09 0.16 -0.20 148 
Carpsucker 1997 0.16 0.14 0.43 -0.17 — 1.21 0.51 0.59 313 
(yoy) 1998* 2.70 0.34 0.92 0.70 0.32 0.30 0.05 262 
River 1996* •0.58 -0.11 1.17 _ -0.31 0.12 0J8 •0.42 -0.06 200 
Carpsucker 1997* 0.30 -0.17 0.65 -0.23 -0.09 0.01 0.44 0.15 0.35 378 
(adult) 1998* 0.05 0.03 0.11 •3.24 0.21 -0.04 •0.26 •0.38 521 
Sauger 1996 1.67 27 
(yoy) 1997 1.17 — — 0.79 — 1.29 46 
1998 1.26 — — 0.85 68 
Sauger 1996* — — -0.78 — — 
(adult) 1997* 0.02 0.15 -0.25 0.25 — 
1998 0.25 0.21 0J3 -2.60 1.49 
— 0.83 0.21 — 33 
0.78 0.64 -0.08 — 126 
0.23 -0.11 0.43 0.10 137 
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Lilt of Figures 
Figure 1. Location of the nine sections used to compare fish growth rates. The numbers 
between the solid bars indicate a specific section of river where fish data were collected. The 
inset shows the location of the Missouri River Basin within the United States. 
Figure 2. Example plot of channel catfish growth (mm) by date of capture fi'om the 
Iowa/Nebraska section of the Missouri River. The regressk>n (specifically slope) 
conceptually illustrates how growth rates were determined for each species, section, and life-
sia%s. 
Figure 3. Relation between cumulative degree-days and length of growing season for water 
temperatures > 10°C and latitude on the Missouri and lower Yellowstone Rivers. 
Figure 4. Growth coefficient plots for aduk emerald shiners for each section with the 
resulting regression on (A) latitude and (B) length of growing for each year. The slopes for 
each line suggest a countergradient response in growth rate. 
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CHAPTER 6. GENERAL CONCLUSIONS 
General Discussioii 
Many North American rivers have been altered by humans through construction of 
reservoirs, channelization, and other flow regulatory mechanisms. Fewer than SO stretches of 
free-flowing river longer than 200 km in length remain in the United States (Benke 1990). 
The Missouri River is one such large system that has been subjected to many alterations and 
the responses of the bblogical community to these alterations are not well understood. 
Reasons for this paucity of knowledge are many but largely center upon the lack of 
awareness that the ecosystem would be considerably altered during construction of 
impoundment and channelization structures in the early to mid 20"* Century and more 
recently due to the enormous amount of resources needed to assess the current status of fish 
in this system. The Missouri River Benthk Fish Project (MRBFP), however, did provide 
some initial insight into fish populations along the Missouri and lower YeUowstone Rivers. 
Through the course of this dissertation, I have built upon the information provided by 
the MRBFP and addressed three specific topics. First, I investigated aspects of the hydrok)gy 
ak>ng the Missouri and k>wer YeUowstone Rivers because hydrology is considered an 
important variable in driving fish community structure. Initially, I evaluated the hydrok)gic 
conditk>ns found before and after alteration for 10 gauge stations. Fk>ws were typically 
higher in the post-alteration period which can probably be attributed to climatokigical shifts 
and dam operation through controlled release of fkxxl waters over extended periods. 
Variability was also bwer after impoundment for most of the inter-reservoir and channelized 
137 
gauge stations. The fiict that the hydrograph has changed after major alteration on the 
Missouri River aUowed further investigation into how the fish community has responded to 
the present flow conditions. 
To assess fish communities in relation to flow regimes, I first grouped IS gauge 
stations dispersed throughout the Missouri and lower Yellowstone Rivers into six 
homogenous flow units that reflected the 30 year post-alteration (1966-1996) conditions. 
Resuhs fi-om this analysis concurred with that of the comparisons between pre- and post-
alteration conditions and also with the findings of Galat and Lipkin (2000) that the inter-
reservoir and upper channelized units had the lowest amount of variability and was the most 
altered portion of the river. 
There was strong evidence that the fish communities differed among flow units. The 
ordination results showed a clear separation between the channelized portion of the river 
fit)m units found above the lowest mainstem dam where species richness estimates were 
double in the channelized compared to those upstream. These difierences were correlated to 
abundances of several species and to total species richness. Possible explanations for this 
difference include the prevention of upstream migration through the dams and the altered 
environmental conditions created by the reservoirs. 
Changes to flow conditions can potentially have large impacts on the fish community. 
Higher flows subject individual fish to more swift velocities that may not be within suitable 
limits for some species. Likewise, the natural hydrogr^h has experienced a large reductwn 
in variability after in^oundment reducing the occurrence of annual floodii^  events. These 
natural firing floods are vital to maintain balanced aquatic communities (Junk et al 1989). 
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Most native Missouri River species have evolved to capitalize on this natural flooding 
phenomenon and removal of the spring flood is thought to have caused a general decline in 
abundances (Hesse 1996). My data provide some evidence supporting this change in species 
composition in the inter-reservoir units of the river. Many of the large changes in proportion 
of function groups occurred in the transition into or out of the units highly affected by 
reservoirs. I also found a higher percentage of generalist species for many of the important 
life history characteristics (e.g., feeding guild, current preference, spawning substrate 
preference) in these areas. Moreover, the inter-reservoir units had a much lower component 
of large river species which dominated the units with a more natural hydrograph. Prospective 
explanations for this include the encroachment of more lacustrine species from the reservoirs 
themselves and the establishment of non-riverine species. 
FinaUy, I addressed latitudinal patterns in growth rates of five fish species endemic to 
the Missouri River (channel catfish Ictalurus punctatus: emerald shiners Notropis 
atherinoides: fi«shwater drums Aplodinotus grunniens: river carpsuckers Caroiodes caroio: 
saugers Stizostedion canadenseV Predominantly, I was interested in determining if there was 
a compensation in growth rate to the shorter growing seasons found in higher latitude areas. 
While growth rates differed throughout the river for all species, I found an inverse relation 
between latitude, or length of growing season, and growth rates for only aduh emerald 
shiners. There did «q)pear to be some latitudinal re^nse in the other species, but was 
evident only in certain regions. This result could be due to the masking &ctors that wklely 
varying environmental conditmns have on evahiating ^ wcific, detailed responses at such a 
large scale. 
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The topics discussed here are important to river ecology because they provide some 
insight into our understanding of the complex interactions found in these large river 
ecosystems that have not been well studied. These subjects are also inqjortant because they 
can provide some prediction on how communities and individuals may respond to various 
restoration and man^ement techniques. For example, with our knowledge of fish 
community responses to flow alteration, we may be able to predict changes to community 
structure as new flow regimes are implemented on the Missouri River. Additionally, 
latitudinal differences in growth rates could also play an important role as efforts are directed 
at conserving and restoring native species in the Missouri and lower Yellowstone Rivers. 
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